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(57) Abstract: A meUiod of controlling 
a penetrating member is provided The 
melhod comprises providing a lancing device 
comprising a penelrating member driver 
having a position sensor and a processor 
mat can determine the relative posilion and 
velocity of the penetrating member based on 
measuring relative position of the penetrarine 
member with respect to time; providing a 
predetermined velocity control trajectory 
based on a model of the driver and a model of 
tissue to be contacted. In some embodiments 
a feedforward control to maintain penetrating 
member velocity along said trajectory 
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METHOD AND APPARATUS FOR BODY FLUID SAMPLING AND 

ANALYTE SENSING 

BACKGROUND OF THE INVENTION 

5 Lancing devices are known in the medical health-care products industry for 

percmg the skin to produce blood for analysis. Typically, a drop of blood for this type 
of analysis is obtained by making a small incision in the fingertip, creating a small 
wound, which generates a small blood droplet on the surface of the skin. 

Early methods of lancing included pieming or slicing the skin with a needle or 
10 razor. Current methods utilize lancing devices that contain a multitude of spring cam 
- and massactuators to drive the lancet. These mcludecanmever springs, diaphragms 
cod spnngs, as well as gravity plumbs used to drive the lancet. The device may be held 
a S™ s 'ft^ and mechanic 

Unfortunately, the pain associated with each lancing event using known technology 
15 d.couragesp.tientsfromtesting. In addition to Oratory stimulation of the skin as the 

possdnhty of firing lancets that harmonically oscillate against the patient tissue, causing 
Bmluple strikes due to recoil. This recoil and multiple strikes of the lancet is one major 
moment to patient compliance with a structured glucose monitoring regime 

Another impediment to patient compliance is the lack of spontaneous blood flow 
generated by known lancing technology. In addition to the pain as discussed above a 

pauent may need more than one lancing event to obtain a blood sample since 
spontaneous blood generation is unreliable using known lancing technology. Thus the 

pam rs multiplied by the number of attempts required by a patient to successfully 
5 generate ^ontaneous blood flow. Cerent sldn mickness may yield different results in 

terms of pam perception, blood yield and success rate of obtaining blood between 

different users of the lancing device. Known devices poorly account for these skin 

thickness variations. 

Variations in skin thickness including the stratum comeum and hydration of the 
) epmermis carryield different results between different users. Spontaneous blood droplet 
generate is dependent on reaching thl blood capillaries and venuoles, which yield the 
blood sample. It is therefore an of correct depm of penetration of the cutting device 
Due to variations in skin thickness and hydration, some types of skin wil, deform more 
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before cutting starts, and hence the actual depth of penetration will be less, resulting in 
less capillaries and venuoles cut and less spontaneous blood generation. 

Known lancing devices fail to provide accurate sensing of lancet position. Thus 
they do not know exactly how far the penetrating member has cut into the tissue. This 
lack of position sensing is one reason for more painful lancing associated with known 

fluid sampling devices. 

Additionally, known lancing devices fail to have sufficiently accurate control of 
lancet position and velocity to achieve a spontaneous blood generation in a relatively 
pain free manner. 

SUMMARY OF THE INVENTION 

The present invention provides solutions for at least some of the drawbacks 
discussed above. The technical field relates to the lancing of the finger to obtain a body 
fluid or blood sample for the analysis of that sample. Because the penetration distance is 
a strong predictor of the success of the lancing event for spontaneous blood generation, 
the ability of the device to accurately control this distance is of interest. Specifically, 
some embodiments of the present invention provide an improved body fluid sampling 
device. For some embodiments of penetrating member drivers, the invention provides 
improved methods for controlling the velocity and cutting efficient of a penetrating 
member. At least some of these and other objectives described herein will be met by 
embodiments of the present invention. 

In one aspect, the present invention provides improved lancing devices operating 
with adaptive control algorithms. Because of the very high speeds that embodiments of 
the present invention may move their penetrating members, feedback control may not be 
sufficient, due to the short amount of time available. In one embodiment, the present 
invention provides desired parameters, based on the models of the penetrating member, 
the penetrating member driver, and the targeted tissue. Based on this model, the system 
may have predictive information stored in lookup tables on how to drive the penetrating 
member drivbr and when to apply braking force so that the device performs as desired to 
arrive at a desired depth and to provide a desired level of cutting efficiency and/or 
performance. 
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In one embodiment, a method of controlling a penetrating memb er is provided 
The method comprises providing a lancing device having a penetrating member driver 
with aposition sensor and a processor that can determine the relative position and 
velocty of the penetrating member based on measuring relative position of the 

velocity trajectory based on empirical data; and using control to adjust lancet velocity to 
maintain penetrating member velocity along said trajectory. 

In another embodiment, the present invention relates to the way that an 
electronically driven lancing device controls the trajectory of the inbound lancet up to, the 
' P° mtof ^«mextensiono^ : 
maximum penetration ofthe lancet into the skin. This embodiment of the present 
invention comprises a control algorithm, that when combined with the necessary 
hardware to execute the control instructions, increases the depth accuracy ofthe 
penetratingmember. The present invention also provides improved cutting efficiencyby 
providmg lancet behavior that is optimized for cutting tissue. 

In one aspect, the present invention involves learmng through testing what the 
ideal setup parameters are and then using more complicated feedback systems to get 
results similar to a feed-forward system. 

In other aspects, the present invention may involve manual braking, braking with 
zero residual energy, braking only, preserving acceleration, and appropriate force for 
smart braking. 

The system may further comprise means for coupling the force generator with 
one of the penetrating members. 

The system may further comprise a penetrating member sensor positioned to 
niomtorapenetratingmemb^^^ 

sensor configured to provide information relative to a depth of penetration of a 
penetrating member through a skin surface. 

The depth of penetration may be about 100 to 2500 microns. 

The depth of penetration may be about 500 to 750 microns. 

The depth of penetration may be, in this nonlimiting example, no more than about 
1000 microns beyond a stratum comeum thickness of a skin surface. 
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The depth of penetration may be no more than about 500 microns beyond a 
stratum corneum thickness of a skin surface. 

the depth of penetration may be no pore than about 300 microns beyond a 
stratum corneum thickness of a skin surface. 

The depth of penetration may be less than a sum of a stratum corneum thickness 
of a skin surface and 400 microns. 

The penetrating member sensor may be further configured to control velocity of a 
penetrating member. 

The active penetrating member may move along a substantially linear path into 

the tissue. 

The active penetrating member may move along an at least partially curved path 

into the tissue. 

The driver may be a voice coil drive force generator. 

The driver may be a rotary voice coil drive force generator. 

The penetrating member sensor may be coupled to a processor with control 
instructions for the penetrating member driver. 

The processor may include a memory for storage and retrieval of a set of 
penetrating member profiles utilized with the penetrating member driver. 

The processor may be utilized to monitor position and speed of a penetrating 
member as the penetrating member moves in a first direction. 

The processor may be utilized to adjust an application of force to a penetrating 
member to achieve a desired speed of the penetrating member. 

The processor may be utilized to adjust an application of force to a penetrating 
member when the penetrating member contacts a target tissue so that the penetrating 
member penetrates the target tissue within a desired range of speed. 

The processor may be utilized to monitor position and speed of a penetrating 
member as the penetrating member moves in the first direction toward a target tissue, 
wherein the application of a launching force to the penetrating member is controlled 
based on position and speed of the penetrating member. 

The processor may be utilized to control a withdraw force to the penetrating 
member so that the penetrating member moves in a second direction away from the 
target tissue. 
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In the first direction, the penetrating member may move toward the target tissue 
at a speed that is different than a speed at which the penetrating member moves away 
from the target tissue. 

In the first direction the penetrating member may move toward the target tissue at 

aspeed that is greater than a speed at which the penetrating member moves away from 
the target tissue. 

The speed of a penetrating member in the first direction may be the range of 
about 2.0 to 10.0 m/sec. 

» the first direction may be about 100 to about 1000 times greater than the average 
velocity of the penetrating member during a withdrawal stroke in a second direction 

A further understanding of the nature and advantages of the invention will 
become apparent by reference to me remaining portions of the specification and 
drawings. * 

BRIEF DESCRIPTION OF TIIE DRAWINGS 
Figure 1 illustrates an embodiment ofa controllable force driver in the form ofa 
cylindrical electric penetrating member driver using a coiled solenoid -type 
configuration. 

Figure 2A illustrates a displacement over time profi,e ofa penetrating member 
driven by a harmonic spring/mass system. 

oy a harmonic spring/mass system: 

Figure 2C illustrates a displacement over timeprofile of an embodiment ofa 
15 controllable force driver. 

Figure 2D illustrates a velocity over time profile of an embodiment ofa 
controllable force driver. 

Figure 3 is a diagrammatic view illustrating a controlled feed-back loop 
Figure 4 ^perspective view ofa tissue penetration device having features of 
.50 the invention. 

Figure 5 is an elevation view in partial longitudinal section of the tissue 
penetration device of Fi gure 4. 
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Figure 6 shows one embodiment of the present invention with a front end and 
landing a target tissue. 

Figure 7 are graphs showing tenting and force related to a lancing event. 

Figure 8-9 show schematics for a tissue penetrating device. 
5 Figure 10 shows a graph of tenting and penetration profiles. 

Figures 1 1 A-l 1G shows a method of penetrating tissue. 

Figures 12A-12C show various embodiments of a tissue penetrating device. 

Figures 13-15 show graphs of penetrating member velocity overtime. 

Figure 16 shows a schematic representation of the reperfosion of skin after 
10 impact. 

Figure 17 shows a tissue penetration device piercing skin. 

Figures 1 8-21 are images of penetrating members and their interaction with 

tissue^ 

Figures 22-23 show various control methods as illustrated in graphs of velocity 
15 overtime. 

Figures 24-25 show schematics of embodiments of a penetrating member device 
with a controller to account for pressure. 

Figure 26 shows a penetrating member in tissue. 

Figure 27 shows another embodiment of a slug for use with the present invention. 
20 Figure 28 shows a graph of force and displacement. 

Figure 29 shows a graph of electrical performance. 
Figure 30 shows a zero position for a solenoid driver. 
Figures 31-43 show various graphs of penetrating member performance and 
control schematics. 

25 Figure 44 shows a graph of penetrating member velocity versus time for one 

embodiment of a control algorithm according to the present invention. 

Figure 45-46 shows one embodiment of a electroic drive mechanism. 
Figures 47-53 show various graphs of penetrating member performance and 
control schematics. 

30 Figures 54-56 shows various embodiments of penetrating member drivers. 

Figures 57 and 58 show graph of performance. 

Figure 59 shows one embodiment of disc for use with the present invention. 
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^ re6 ^owsanothe^ 
in Figure 59. 

DESCRJPXJON OF THE SPECIFIC EMBODIMENTS 
body tod samplim, Specifically, „ mbodilnents of ^ ^ ..^ 
a mulfiplc amdyte delecting member ami mullipfe penciling member solotion to 

m»y»sepeoe lKli „ gm e mb e K of smaller si*, sncb asbmno, lilmte d l0 &smete[m 
ength, lhan taovm tanca, ^ devjoe maybe ^ fc ^ .^^^ 

bavrng ,„ remove a disposable from the deviee. Tie mvcfim, may provide improved 
senamg capabifilfe. At leas, some of dreae and omer objectives described berein wffl be 
met by embodiments of the present invention. 

It is to be understood that both the foregoing genera! description and the 

detailed description are exempt and explanatory only and are not restrictive 
of the mvention, as claimed. It must be noted that, as used in the specification and the 

the context clearly dictates otherwise. Thus, for example, reference to "a material" may 

andthehke. ^fere.^ cited h^m are hereby mcorporated by reference 

entirety, except to the extent that they conflict with teachings explicitly set forth in this 

specification. 

In this specification and in the claims which follow, reference will be made to a 
number of terms which shall be defined to have the following meanings- 

"Optional" or^tionall^^ 
may or may not occur, so that the description includes instances where the circumstance 

feature for anting a blood sanple, this means that the analysis feature may or may not 
be present, and, thus, the description includes stiuctures wherein a device possesses the 
analyse feature and structures wherein the analysis feature is not present 
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The present invention may be used with a variety of different penetrating member 
drivers. It is contemplated that these penetrating member drivers may be spring based, 
solenoid based, magnetic driver based, nanomuscle based, or based on any other 
mechanism useful in moving a penetrating member along a path into tissue. It should be 
5 noted that the present invention is not limited by the type of driver used with the 

penetratingmember feed mechanism. One suitable penetrating member driver for use 
with the present invention is shown in Figure 1 . This is an embodiment of a solenoid 
type electromagnetic driver that is capable of driving an iron core or slug mounted to the 
penetrating member assembly using a direct current (DC) power supply. The 
10 electromagnetic driver includes a driver coil pack that is divided into three separate coils 
along the path of the penetrating member, two end coils and a middle coil. Direct 
current is alternated to the coils to advance and retract the penetrating member. 
Although the driver coil pack is shown with three coils, any suitable number of coils may 
be used, for example, 4, 5, 6, 7 or more coils may be used. 
15 Referring to the embodiment of Figure 1, the stationary iron housing 10 may 

contain the driver coil pack with a first coil 12 flanked by iron spacers 14 which 
concentrate the magnetic flux at the inner diameter creating magnetic poles. The inner 
insulating housing 16 isolates the penetrating member 1 8 and iron core 20 from the coils 
and provides a smooth, low friction guide surface. The penetrating member guide 22 
20 further centers the penetrating member 18 and iron core 20. The penetrating member 18 
is protracted and retracted by alternating the current between the first coil 12, the middle 
coil, and the third coil to attract the iron core 20. Reversing the coil sequence and 
attracting the core and penetrating member back into the housing retracts the penetrating 
member. The penetrating member guide 22 also serves as a stop for the iron core 20 
25 mounted to the penetrating member 18. 

As discussed above, tissue penetration devices which employ spring or cam 
driving methods have a symmetrical or nearly symmetrical actuation displacement and 
velocity profiles on the advancement and retraction of the penetrating member as shown 
in Figures 2 and-3. In most of the available lancet devices, once the launch is initiated, 
30 the stored energy determines the velocity profile until the energy is dissipated. 

Controlling impact, retraction velocity, and dwell time of the penetrating member within 
the tissue can be useful in order to achieve a high success rate while accommodating 
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2551) filed April 19, 2002 and previously incorporated herein. The processor 60 
calculates the movement of the penetrating member by comparing the actual profile of 
the penetrating member to the predetermined profile. The processor 60 modulates the 
power to the penetrating member driver 68 through a signal generator 78, which may 
control the amplifier 70 so that the actual velocity profile of the penetrating member does 
not exceed the predetermined profile by more than a preset error limit The error limit is 
the accuracy in the control of the penetrating member. 

After the lancing event, the processor 60 can allow the user to rank the results of 
the lancing event. The processor 60 stores these results and constructs a database 80 for 
the individual user. Using the database 79, the processor 60 calculates the profile traits 
such as degree of painlessness, success rate, and blood volume for various profiles 62 
depending on user input information 64 to optimize the profile to the individual user for 
subsequent lancing cycles. These profile traits depend on the characteristic phases of 
penetrating member advancement and retraction. The processor 60 uses these 
calculations to optimize profiles 62 for each user. In addition to user input information 
64, an internal clock allows storage in the database 79 of information such as the time of 
day to generate a time stamp for the lancing event and the time between lancing events to 
anticipate the user's diurnal needs. The database stores information and statistics for 

each user and each profile that particular user uses. 

fa addition to varying the profiles, the processor 60 can be used to calculate the 

appropriate penetrating member diameter and geometry suitable to realize the blood 
volume required by the user. For example, if the user requires about 1 -5 microliter 
volume of blood, the processor 60 may select a 200 micron diameter penetrating member 
to achieve these results. For each class of lancet, both diameter and lancet tip geometry, 
is stored in the processor 60 to correspond with upper and lower limits of attainable 
blood volume based on the predetermined displacement and velocity profiles. 

The lancing device is capable of prompting the user for information at the 
beginning and the end of the lancing event to more adequately suit the user. The goal is 
to either change to a different profile or modify an existing profile. Once the profile is 
set, the force driving the penetrating member is varied during advancement and 
retraction to follow the profile. The method of lancing using the lancing device 
comprises selecting a profile, lancing according to the selected profile, determining 
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profile traits for subsequent lancing events. 

Figure 4 UlusWes an embodiment ofa tissue pene,^ device mm* 
**l».tal,** l » lliU4ll(--4ktlBra( ^ b 

r:,TT!T e 'r l ,1,e,a " Ci " 8d ^ S » ta -P™a I end 81m na <i i st a I «na 

^S.^niseoupied.uane.ougateeou^^g,,^^^;^ 
ungate coup.es sh a« 84 haa a proxinta, end * and a dfsta, end 8Z A ^ ^ ^ 

«-» 9 . ^el"nga.ecou pl er S ha»84drivenn ytt edHver ro i 1 pao 1 cS 8 co„bo,,edby 
controllable electromagnetic driver. 

lonci, 10 5> **" ,0 «-»— ' '» — detai,, in partia, 

h^ 9 g 7 ^ M, ^ etealCTd960ffte ^^^«^^ve 
lread98dlsposedatthe P roximaIend95afthepenetaitinginember83. A penetrating 

*P—^™*r* a »l^ yt . a ^ d(- of stainiessstee,, canyon' 

Tire penetrating member shaft may have a length of about 3 nun to about 50 mm 

~ y ,^ 15 ^ toabou , 20nlm Tbednvehead^oftbepenebatmg'member 
3 is an emarged poslim, haying . ^ ^ ^ 

dimension of me penetrating member shaft 201 disral of He dnvehead 98 Ms 

85. the dnve head 98 may have a u-ansverse dimension of abon, 0.5 ,„ about 2 mm 

A magnetic anembe, ,02 is secured to the Conga* couple, shaft g4 p,oxi m a, of 
me dnve couple, 85 on. distal porton 203 of the elongate couple, shaft 84 Tbe 

aa J a,,nmen2mex«eudingmo.e„ g ,h„f,ben I ag„etic m e m bU,,02. Thenraguetic 
member 102 has m ouler tonsverse ^ ^ ^ ^ _ 
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slide easily within an axial lumen 1 05 of a low friction, possibly lubricious, polymer 
guide tube 105' disposed within the driver coil pack 88. The magnetic member 102 may 
have an outer transverse dimension of about 1.0 to about 5.0 mm, specifically, about 2.3 
to about 2.5 mm. The magnetic member 102 may have a length of about 3.0 to about 5.0 

5 mm, specifically, about 4.7 to about 4.9 nun. The magnetic member 1 02 can be made 
from a variety of magnetic materials including ferrous metals such as ferrous steel, iron, 
ferrite, or the like. The magnetic member 1 02 may be secured to the distal portion 203 
of the elongate coupler shaft 84 by a variety of methods including adhesive or epoxy 
bonding, welding, crimping or any other suitable method. 

10 Proximal of the magnetic member 102, an optical encoder flag 206 is secured to 

the elongate coupler shaft 84. The optical encoder flag 206 is configured to move within 
a slot 107 in the position sensor 91 . The slot 107 of the position sensor 91 is formed 
between a first body portion 108 and a second body portion 109 of the position sensor 
91. The slot 107 may have separation width of about 1.5 to about 2.0 mm. The optical 

1 5 encoder flag 206 can have a length of about 14 to about 1 8 mm, a width of about 3 to 
about 5 mm and a thickness of about 0.04 to about 0.06 mm. 

The optical encoder flag 206 interacts with various optical beams generated by 
LEDs disposed on or in the position sensor body portions 108 and 1 09 in a 
predetermined maimer. The interaction of the optical beams generated by the LEDs of 

20 the position sensor 91 generates a signal that indicates the longitudinal position of the 
optical flag 206 relative to the position sensor 91 with a substantially high degree of 
resolution. The resolution of the position sensor 91 may be about 200 to about 400 
cycles per inch, specifically, about 350 to about 370 cycles per inch. The position sensor 
91 may have a speed response time (position/time resolution) of 0 to about 120,000 Hz, 

25 where one dark and light stripe of the flag constitutes one Hertz, or cycle per second. The 
. position of the optical encoder flag 206 relative to the magnetic member 102, driver coil 
pack 88 and position sensor 91 is such that the optical encoder 91 can provide precise 
positional information about the penetrating member 83 over the entire length of the 
penetrating member's power stroke. 

30 An optical encoder that is suitable for the position sensor 91 is a linear optical 

incremental encoder, model HEDS 9200, manufactured by Agilent Technologies. The 
model HEDS 9200 may have a length of about 20 to about 30 mm, a width of about 8 to 
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tenting tbeSCthiclmesscanbedetenni.edbasedonmeslope Methodsfor 

detennhu^^ ,„ 
Application Ser.No. 60/476,584 (Attorney Docket No. 38187-2677) may be used with 

the present invention. It shou.d be understood that this information may be stored mto 
fee memory. The location used to lance may also be stored into memory M so that 
measurements for specific sites may be grouped together. 

It should be understood that the present invention relates to the way that an 

electronic^ 

point of maximum extension. This is the point ofmaximum penetration of the lancet 
into the skin. In one embodiment, the invention comprises a control algorithm, that 
when combined with the suitable hardware to execute the control instructions, mcreases 
the depth accuracy. The present application also describes the method of a quiet phase 
but only refers to traditional braking adjustment after this phase. The present application 
also describes the idea of setting the contact velocity at a rate where coil aeuVrty is 
minimized and the control system "operates within a projected trajectory." 

Referring now to Figure 8, one method of penetrating member control wall be 
described. The method of lancing starts with the penetrating member control system 
that is coupled to an electric drive mechanism 320 used to accelerate the penetrating 
member 322 to a desired speed toward a target tissue T. The penetrating member 322 
hits the skin at a relative point and then there is a switch when the penetrating member 
322 reaches a certain displacement The control system will cause the braking to come 
on Andthenbrakmgwinhappen^ Thebrakesare 
on, it goes to a certain depth. There is not an interactiveness with the control system as 
towherethemember322isat,astowhaeitneedstobe(^mthepomtthebrak 1 ng 

; switcheson). The variance ofwhere the member 322 is and where it wants to be is could 

be improved. . 

Referring now to Figure 9, with the present invention using one embodiment 
what is termed "smart braking", an adaptive control system 350 may be used to improve 
performance*. • Such a system 350 has the ability to redirect braking during the braking 
period to get to the member 322 to the appropriate depth desired. In one embodiment, it 
is not necessarily a full-on braking up to the point of reversal in a binary manner (i.e. 
either full on or full off). 
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In one embodiment of adaptive control system 350, variable braking force which 
is computationally more complex, may be used. In one embodiment, for each duty cycle 
that the penetrating member 322 is braking, the system 350 will look where the member 
322 1 s,andwhereitsho„Idbe. There may be a look up table used to determine if the 

member 322 is under or over the place where the member 322 wants to be for a 
parricularpartofthebrakingcycle. The control system 350 can redirect or adjust 

brakmg^g.notashardorhardermmenextbrakingcycle). A position encoder 356 is 
used with the system 350. 

h a still further embodiment of the present invention, a more complex processor 
maybeusedwiththe S ystem350, Inthis embodiment, rather than just a lookup table 

the processor in control system 350 can calculate me level of deceleration 
make that rel^^^ 

curve. Instead of using a ton of lookup tables, the system 350 can direct the lancet with a 
more elegant algorithm. 

hi still other embodiments, the control system 350 may be paired with an 
improvedposition sensor. Iftbe processor desires a certain amount ofdata to make a 
predrctive decision within the braking segment, the amount of position feedback to the 
processor may be increased. It may be that you may not have enough predictive ability 
because the control system is limited or it comes too late. The penetrating member 322 
may already have gone too far or the controller is too slow to make the change. 
Accordingly, an improved position sensor may provide more position data. The data 
may arnve faster and it may be more precise as to the location of the penetrating 



member. 



25 



30 



From an conceptual standpoint, it would be possible to further improve control 
system performance. As discussed, the position encoder would be improved. The clock 
speed of the processor would be faster to handle the additional flow of data because it 
comes faster. Finer control of the solenoid or other electronic drive mechanism may also 
be desrred so that solenoid can move the penetrating member at a level of accuracy 
matching or coming close to that of the position encoder. 

Optimally, the present invention provides for controlling the trajectory of the 
mbound lancet up to the point of maximum extension with an adaptive algorithm With 
regards to the algorithm, in one embodiment, there is a decision point when the 
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penetrating member 322 is still traveling in the inbound direction. With stored up data, 
based on this time and this position and a desired depth or profile, the control system 350 
will make a decision whether to accelerate, brake, or do nothing. The decision point will 
ultimately determine what depth the penetrating member 322 reaches. It should be 
5 understood of course that there may be more than one decision point in a braking cycle. 
But if the deceleration is too high or other factors excessively slow the member 322, the 
. control system 350 may choose to accelerate rather than brake. It could also brake 
harder, as the circumstances warrant. 

It should also be understood that it may be possible to bring down the variance 
10 where the lancet ultimately ends up. For a certain depth, there is an optimal contact 
speed, given the uncertainly once the penetrating member 322 goes past initial contact 
with the tissue. It helps that the entire control system, in that it gives a neutral 
composition. There may be some braking or some acceleration, but there is not a huge 
amount of correction. There is a neutral position. 
15 In one embodiment, if the braking algorithm is more complex in the sense that 

instead of just looking at position and time, it is looking at position and time for the last 
three cycles and dividing that into a smooth braking factor and taking that's distance (or 
corrected distance based on the contact point routine), then it is a simple multiplication 
of this factor and that position factor and that the system does not need a true update at 
20 the next look up table interval. It is a rolling average that gets the penetrating member to 
the intended depth at a higher degree of accuracy. 

There is some variability with how the skin performs. Physiologically, as a 
nonlimiting example, a stick of about 2 mm in depth might increase the actual depth by 
+/- 300 microns. Even though theoretically, the system can get really close to the desired 
25 depth with the control system, other mechanical or physiological reasons may create 
errors. Smarting braking increase the stability of the control system. It might have a 
more stable profile to deal with physiological uncertainties that are otherwise 
unaccounted for. 

Various velocity profiles can influence cutting efficiency and more specifically, a 
30 final depth as the tissue reacts differently based on velocity of the penetrating member. 
As a nonlimiting example, if the penetrating members goes in fast and is braked hard, the 
tissue may still have momentum and the tissue/lancet interface may not be stable (i.e. not 
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the position encoder and the motor. It should also occur late enough in the lancing cycle 
to be predictive. There may be more than one position-based decision point while 
penetrating, but the processing speed, force response of the electronic motor, and 
resolution of the position sensor are the physical determinants of whether this is feasible 

5 for the system and within what range of positions this control methodology is effective. 

A more complex control algorithm would also utilize a least squares method in 
tandem with the velocity. and position comparison. In this embodiment, this binomial 
equation would determine the rate of deceleration and invoke the braking or acceleration 
algorithm with the additional factor concerning the shape of the curve. It would 

10 distinguish between skin stiffness and skin position by effectively integrating the 
velocity vs. position curve during the deceleration phase of the lancing cycle. An 
algorithm factors these variables and accounts for them during in the control loop will 
provide a more desirable result, in terms of cutting efficiency and desired penetrating 
depth of a penetrating member into tissue. 

1 5 In yet another embodiment of the present invention, disclosure is provided herein 

. that relates to a mode of operation with an electronic lancet drive system where the 
inbound penetration of the lancet to the skin is determined by the amount of force 
applied by the motor. Referring now to Figure 10, the graph shows lancing sticks or 
events into the same finger with different contact speeds. As seen in Figure 10, there is a 

20 strong correlation between speed and penetration. No feedback is applied to obtain a 
certain position. As seen in Figure 10, the repeatability of the depth appears to be high. 
There is also a relatively predictable way that the skin tents above a certain speed. 

The current method concerning lancing involves driving the lancet at a high rate 
of velocity to a predetermined depth, stopping at a given distance, and pulling out the 

25 lancet at a given rate. In the present embodiment of the invention, the system involves 
an alternative control mode of operation where the intended depth is not held constant. 

With electronic lancing and position feedback, the lancing device 20 can meter 
the amount of force it presents to the skin at impact. The contact speed will be higher for 
a lancing cycle in which a higher penetration depth is intended. In one embodiment, a 

30 velocity lookup table corresponding to the composite amount (the average velocity 

necessary to achieve a certain depth through iteration of many sticks) is set as one of the 
directions to the control sequence. There may be a desire not to exceed threshold of a 
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. manufacturing with a tolerance stack-up that is acceptable, then the distance from the 
penetrating member tip 196 to the target tissue 233 can be determined at the time of 
manufacture of the lancing device 180. The distance could then be programmed into the 
memory of the processor 193. If an adjustable feature is added to the lancing device 180, 
5 such as an adjustable length elongate coupling shaft 184, this can accommodate 

variations in all of the parameters noted above, except length of the penetrating member 
183. An electronic alternative to this mechanical approach would be to calibrate a stored 
memory contact point into the memory of the processor 193 during manufacture based 
on the mechanical parameters described above. 
10 In another embodiment, moving the penetrating member tip 196 to the target 

tissue 233 very slowly and gently touching the skin 233 prior to actuation can 
accomplish the distance from the penetrating member tip 196 to the tissue 233. The 
position sensor can accurately measure the distance from the initialization point to the 
point of contact, where the resistance to advancement of the penetrating member 183 
1 5 stops the penetrating member movement. The penetrating member 1 83 is then retracted 
to me initialization point having measured the distance to the target tissue 233 without 
creating any discomfort to the user. 

Using an acoustic signal to determine contact point 

In yet another embodiment, the processor 193 determines skin 233 contact by the 
20 penetrating member 183 by detection of an acoustic signal produced by the tip 196 of the 
penetrating member 183 as it strikes the patient's skin 233. Detection of the acoustic 
signal can be measured by an acoustic detector 236 placed in contact with the patient's 
skin 233 adjacent a penetrating member penetration site 237, as shown in FIG. 31 . 
Suitable acoustic detectors 236 include piezo electric transducers, microphones and the 
25 like. The acoustic detector 236 transmits an electrical signal generated by the acoustic 
signal to the processor 193 via electrical conductors 238. 

Using continuity in an electric circuit to measure contact point 
In another embodiment, contact of the penetrating member 183 with the patient's 
skin 233 can be determined by. measurement of electrical continuity in a circuit that 
30 includes the penetrating member 1 83, the patient's finger 234 and an electrical contact 
pad 240 that is disposed on the patient's skin 233 adjacent the contact site 237 of the 
penetrating member 1 83. In this embodiment, as soon as the penetrating member 1 83 
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contacts thepati^^^^ 

cucuit m Completion of the circuit 239 "can then be detectedby the proctor 193 to 
connn„sMn233contactbythepe n etratin gmem ber 183. If me penetratmg member ,83 
^^^^ 

*^out operation, thep^^^^^ Ifthe ". 
timeout period has not yet elapsed (a W outcome from the decision box 267) then the 
processor continues to -nitor whether , he penetrating member has contacted the target 
skm233. ^P-essorl93preferab^^ 

10 217tomamtainthedesiredpenetratmgmemberl83 movement- If the timeout period 
elapses without the penetrating member 183 contacting the sk in (a «Yes» output from the 
dec 1S1 onbox267),menitisdeemedmatme P enetratingmemberl83wil^^ 
im " d ^ Pr ° CeSS Pr ° Ceeds '''withdraw phase, where the penetrating member is 
wUhdrawn away from the skin 233, as discussed more fully below. The penetrating 

the patient removed the skin 233 from the lancing device or if something obstructed 
the penetrating member 1 83 prior to it contacting the skin. 

Reduction in penetrating member velocity to determine contact point 
In another embodiment, the processor 193 may use software to determine 
whether the penetrating member 183 has made contact with thepatienfs skin 233 by 
measunng for a sudden reduction in velocity of the penetrating member 183 due to 
fhcuon or resistance imposed on the penetrating member 183 by thepatienfs skin 233 
The opbcal encoder 191 measures displacement of the penetrating member 183. The 
pos^onoutputdataprovidesmputtomeintermptmputofmeprocesso^ 193 The 

proce SS orl93al S ohasatimercapableofmea S unngthetimeberweenmter W ts The 
stance between interrupts is known for the optical encoder , 91, so the velocity of the 
penetratmgmember 183 can be calculated bydividing the distance between interrupts by 
the tune between the interrupts: This method requires that velocity losses to the 
penetrating m.ember 1 83 and elongate coupler 1 84 assembly due to friction are known to 
an acceptable level so that these velocity losses and resulting deceleration can be 
accounted for when establishing a deceleration threshold above which contact between 
penetratmg member tip 196 and target tissue 233 will be presumed. 



WO 2004/107964 



PCT/US2004/018132 



22 



This same concept can be implemented in many ways. For example, rather than 
monitoring the velocity ofthe penetrating member 1 83, if the processor 193 is 
controlling the penetrating member driver in order to maintain a fixed velocity, the 
power to the driver 188 could be monitored. If an amount of power above a 
5 predetermined threshold is required in order to maintain a constant velocity, then contact 
between the tip ofthe penetrating member 196 and the skin 233 could be presumed. All 
ofthe above figures are in reference to figures found in U.S. Patent Application Ser. No. 
10/127,395 (Attorney Docket No. 381 87-255 1US). 

Using a slow moving penetrating member to determine contact point 
10 In a still further embodiment, a new contact point algorithm is run before the 

actual lance event. As a nonlimiting example, such an algorithm may be run 
. immediately prior to lancing. 

Whether the penetrating member is striking a finger or other material/object can 
be determined. Information about the skin properties of the finger can be determined. 
15 With a reasonable sized aperture, the finger contact point can vary by more than the 
depth of penetration. Unless the contact point can be accurately determined, correct 
depth may be difficult to control. This method cancels out mechanical variations that 
occur in the manufacturing process of the actuator, coupling to the penetrating member, 
and length ofthe penetrating member. In addition, we can determine if there is anything 
20 there at all (strike into air). The finger in the above description can be any part ofthe 
body to be lanced. 

Description of the algorithm: In one embodiment, the penetrating member is 
accelerated to a slow speed, in the present embodiment ofthe actuator, it is about 0.6 to 
0.8 meters/second. It should be understood that this is a nonlimiting example. The 

25 speed may be tuned to the mass ofthe lancing assembly. The more the mass ofthe 
assembly, the slower the speed should be. Since the energy stored in the assembly is 
determined by '/* MV 2 , the desire is to store a sufficiently small amount of energy such 
that the penetrating member does not penetrate or does not significantly penetrate the 
stratum comehim of the skin. 

30 . Referring now to Figure 12A-12C, the speed ofthe penetrating member is 

maintained at the desired velocity until the Start Contact Search Point 400 is reached. In 
. the present embodiment, tbis is simply first point before the contact can occur. The coil 
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algorithm. They are summarized below. ■ 
i Valid contact point detected (outputs contact point measurement and 

reVerSal 2 P01Dt) Stop contact SearchPoint exceeded. No contact point detected because 

Stop Contact Search Point). 

3 startContactSearchPointerrpr. The contact point (slowdown) was 

detectedtooclosetotheStartContactSearchPomtsuchmat^ 

abeady started during the establishment of thebase speed. 

4. stall-Astallisanerrorthatresultsfromaslowdowndetected.butno 

reversal (described above). 

ft. reveal and Native co».ac» pointbeihg k tower • P«- 

Mca.es the object hi. did no, defonn, so we taow dus is no. a typicai Snger. 
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that the above may be used with an electronic lancing device as disclosed in U.S. Patent 
Application Attorney Docket No. 38187-2551US. The braking force control may be 
adapted for use with a processor. The braking force control may be used with a multiple 
penetrating member device such as that disclosed in U.S. Patent Application Attorney 
5 DocketNo. 38187-2657. 

Referring now to Figure 1 6, a schematic representation of the reperfiision of skin 
after impact with a tent and hold motion profile is shown. This figure is not to scale, and 
does not describe depth. This is a top down schematic view onto the skin or tissue. 
Penetrating member strikes perpendicularly to the skin in area A. Blood is initially 
10 forced out to an area D. Blood will quickly return from D to C as the skin settles after 
the shock of impact. Tent and hold allows blood reperfiision from C to B and is due to 
the delayed deformation of the skin tissue immediately around A, unloading the 
peripheral skin tissue vasculature. The vasculature also functions as a pressure system, 
forcing blood towards the penetrating member after a delay that is related to the force of 
15 impact. This pressuring is one factor in increasing spontaneous blood generation. 

Referring now to Figure 17, two components of retraction profile are shown: As 
a nonlimiting example, reference letter A shows a "hold-to-neutral" position or range - 
when skin-penetrating member interface migrates together, and the skin settles naturally 
after the impact force tents the tissue. Perfusion acts as three-dimensional function of the 
20 pressure. Pressure distribution and perfusion is cone-shaped, as illustrated by the blue 
triangle below. Reference letter B shows neutral to exit position or range where the 
actuator retracts the penetrating member from the skin. 

Referring now to Figure 1 8, a high resolution image of the penetrating member 
and skin interface is shown. Specifically, the figure shows a "hold-to-neutral" phase- 
25 when skin-penetrating member interface migrate together. 

Referring now to Figure 1 9, a high-resolution optical image of skin relaxation 
"Natural Settling" With skin relaxing unimpeded by penetrating member. 

In some embodiment, a tent and hold profile 1 at 2.6 ms may be used. A tent and 
hold profile l*at 6.6 ms is used in some embodiments. Primary visible skin buckling has 
30 broadened, and proximal edge of the wound channel has slid up the penetrating member 
shaft. A tent and Hold profile 2 at 3.9 ms is shown. Other experiment parameters are held 
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hold time is longer than about 1 second may introduce a deleterious physical reaction 
from the patient or unnecessary pain. It may also use more power from the motor to 
maintain the position of the penetrating member for an extended period of time. 

Some advantages of a "tent-and-hold" motion profile or trajectory waveform 
include: 

1. Integrity of the wound channel by decreasing the effect of distension in the 
wound channel. The viscoelasticity of the skin may allow for a momentary tissue 
deflection that would rebound immediately after the penetrating member was retracted. 
A tent and hold lancing profile may counteract this natural property of the skin. This 
behavior can be directly observed when the penetrating member is held for greater than 
200 microseconds. The skin will slide up the penetrating member shaft as the collagen 
matrix in the stratum reticulare layer inelastically deforms. The penetrating member 
continues to cut, but only as a result of the relaxation of the surrounding tissue. This 
deformation during the hold happens radially as well as axially to the penetrating 
member shaft. With tissue compressed more evenly around the lanced area, the resulting 
wound maintains it shape longer before it collapses into a thin line, which may resist 
blood spontaneously rising to the surface. 

2. A limited amount of pinching and subsequent binding of the venuoles (at 
deeper lancing depths) by surrounding tissue at the target depth. In one nonlimiting 
example, a strike with the best yield would involve the larger venuoles at higher depths 
filling the channel with blood. As the blood moves with the retracting penetrating 
member up the channel, the inside of the channel is coated with blood, allowing the 
blood in smaller venuoles with higher pressures to overcome to use the advantage of the 
bloods natural surface tension to lower the pressure threshold that would prevent blood 
spontaneously coming to the surface. The momentum that a well-executed tent and hold 
with an appropriate retraction rate would build in the lancing channel not only decreases 
the number of sticks or lancing events with no spontaneous blood, but decrease the 
number of spontaneous sticks that are spontaneous but would require milking of the 
finger to gather a sufficient sample. This increase in the yield/depth ratio would thereby 
reduce pain/yield, as an optimal retraction speed profile would reduce the depth 
sufficient to gather a sufficient sample. 
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entry velocity. The portion 502 is for velocity on the withdrawal of the penetrating 

member from the tissue. 

Referringnow to Figure 22B, another embodiment of the velocity profile is 
shown. In this embodiment, the profile is characterized as a "tent 'and dampedhold" 
5 where sufficient force is applied to the penetrating member to allow it to move 
retrograde, but at a velocity slower than that which it would move if no force were 
applied and the skin or tissue naturally relaxes. The damped hold over region 502 may 
occur at a controlled rate. After this damped hold, the penetrating member may be 
backed out of the skin at reduced velocity as indicated by 502. 
LO Referring now to Figure 22C, yet another embodiment of a velocity waveform is 

shown. Figure 22C shows an embodiment where there is a hold period 500, after which 
thepenetratmgmemberiswimdrawnusmgasteppedwim^^ In one nonlimiting 
example, the steps occur so that the average withdrawal speed is less that the average 
penetrating member inbound speed. The stepped configuration may provide more time 
15 for collagen in the skin to form around the shaft of the penetrating member during each 
withdrawal motion so that the wound shape and patentness of the wound channel may be 
maintained more easily (temporarily) by the collagen. This allows body fluid to more 
easily follow the wound tract created by the penetrating member so that the fluid can 
reach the surface. The steps may be at various spacings such as but not limited to about 
20 50ms per step, 75ms per step, 100ms per step, or other step times as desired. 

Referring now to Figure 22D, a still further embodiment of the waveform is 
shown. Figure22Dshowsapmfilewhew^ 

This may allow the collagen to form about the penetrating member to help maintain the 
patentency of the wound channel. After a selectable amount of time, the penetrating 

25 member may be backed out of the skin as indicated by 512. The embodiment shown in 
Figure 22D has the pull out occurring at an average velocity greater than that of the 
average inbound penetrating member velocity. In one embodiment, the overall time that 
the penetrating member is in the tissue may be about 500 ms. In other embodiments, the 
overall time in tissue or skin may be about 450ms, 400ms, 350ms, 300ms, 250ms, 

30 200ms, 150ms, 100ms, 75ms, 50ms, 25ms, 20ms, or 15ms. These number may be 

applicable to any of the velocity profiled disclosed herein or m the profiles shown in U.S. 
Patent Application Ser. No. 10/127,395 (Attorney Docket 38187-2551). 
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F.gnre 23 show, an entbodtaen, where ,, ^ ^ _ 
"*7*» ^ ^ T* « *— « baaed on varies decisl 

38187-2664) fled Apnl 21, 2003,and fcll y incotpora,ed hereto b y reference 

rT P T efrOmW * 8aftOn, ^ 0m ^ f, *^^,oa,e 
^^•:Tbedrec,„f flon ,^^ md ^ gOT ^^ taus 

^T , ?r ,hea " om ' of ' e " ,tasof,hemAr, ™ ,iss " e - 

In otter e mb odn„en tS> a pressore transducer 562 may „„ , o ^ ^ 

~* «-»..—- - ad^ted for* ..tCa.^ 

w,«h 0 ,edev,eedo„„«„eeura llll ea m , e p r e Ssore . The tenting antoon, T„,a y be 
.d^edbaeedon^p^^^^^^^^^^ 

Ming applied during the current lancing. 

^^"^^"^^of.top^fa^^,^^^^ 

^lofl^fegn.en.tedeptt^bedieea.ased. Referring „ t0 Figure 26 

^'"^^negleeang^g h> one e.bodtaent, afl er this Jdep, 
530 is achieved, the drive is hnned off and skin or other tissue is allowed to relax ana il 

"y ^oed, copendhg U.S. Patent Application (Attorney No. 38187- 
2551) fi!ed Apn, 19, 2002, and incoreorattd herein by refeie „ c , b „ ,„ ' 
position is shown at position 532. 
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After the skin or other tissue relaxes, the difference between the deepest 
penetration to position 530 and the relaxed position 532 may be measured so that the 
amount of tenting T for this stick or lancing event is known. Now the actual penetration 
or depth in the skin or tissue may be calculated and a new target depth may be calculated 
5 by adding the tenting distance T to the target depth to yield a new target depth that now 
compensates for the amount of tenting (assuming the position 530 represented the 
desired depth of penetration into tissue. In one embodiment, the engine or penetrating 
member driver that actuates the penetrating member is reengaged to achieve the new 
target depth which includes the distance to compensate for tenting. This process is 
10 relatively fast such as but not limited to under about 50 ms, so that it appears and feels 
like one operation to the user or patient. 

In other embodiments, once the tenting T is calculated, the tenting amount T may 
be used for subsequent lancing events. A penetrating member controller (not shown) 
may include or be coupled to memory that will store this tenting distance. Thus, 
1 5 subsequent lancing events may be configured to account for the tenting distance on the 
first inbound stroke and achieve a desired depth without necessarily using a true depth 
' type penetration stroke on each lancing event. Thus the depth for penetrating member 
penetration will include a desired depth D and the tenting T. The calculation of tenting T 
may be initiated on a first lancing event by the user and on any subsequent lancing 
20 events as desired by the user for recalibration of tenting purposes. In still further 

embodiments, the tenting distance T may also be adjusted by a certain amount (such as 
but not limited to ±l%, ±2%, ±3%, ±4%, ±5%, ±6%, ±7%, ±8%, ±9%, ±10%, or more) 
based on the time of day and hydration pattern of the user or patient. A lookup table 
containing different tenting distances T may also be used to pick off the desired amount 
25 of tenting compensation based on a number of variables such as but not limited to: time 
of day, hydration, age of patient, or other patient information. 

In some embodiments, the penetrating member on the inbound path penetrates 
into the tissue during the tenting measurement. In other embodiments, the penetrating 
member does hot fully pierce the patient while gathering information of tenting distance. 
30 Referring now to Figure 27 and 28, forther embodiments Of the present invention 

will now be described. These embodiments relate to modifications for the electronic 
drive mechanisms used with the present invention. 
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Solenoid Study 

_ Theobjective of ^^Wlo^*^*.^ 

overall force wh,le proving the low points in the achievable force. 
2.1.1 Disk Thickness 

^of^coMskso^ep^ooUfcce. It is thought that the disks are in 
rf'^ 1 - 1 IWoreincr^ htg-hetreekoessofthediskredaees 

For other embodiments, additiona. work was done tooking a, tapered ^ ^ 
■5 ^^^^^^^ I 

energization curve. ^ 
2 ^ 2.1.2 Slug Dimensions 

^"^r^weroconductcdtos^fc^,,, e ' 

^.^orartdou^dia.otorofdres.ogonutc^coi.roroo. moneembcje* 

wTr™ eeffK,ofv ^ s ^^^^ 

^Steeas.bf^a^.^^^^^^^^^ 
factor, ,.o. Co ability of lb, solenoid to tolerate the Total Carriage Mass. 
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From these results we estimate that some controlling factors are the Slug End 
Area, relating to the area available for the flux lines to act upon and the acceleration 
factor. Assuming this is correct, in one embodiment, the desired dimensions for 
increased force are an OD of 3.6mm with an ID of between 2.6 and 2.8mm to match to 
5 the existing end area at an OD of 2.4mm 
2.2 Split Slug 

In one embodiment, the concept behind the split slug was to even out the force 
profile over the whole slug throw by firing two coils simultaneously, whilst ensuring that 
when one slug is in an active force region, the other is producing no force and vice versa. 
10 This route was particularly interesting as a way of linearising the force profile. 
2.2.1 Split Slug -testing 

In order to test the theoretical force curves, two pairs of metal slugs were made. 
One set was 2.53mm long and the other set 2.33mm. These sets were slid onto the end 
of metal wire with a spacer between the pairs to set the coil pitch at 3.28mm. This 
1 5 spacer dimension was based on the simulation data suggesting an optimum gap of 1 .41 x 
. coil pitch. 

In one embodiment, a static test was performed - the force applied to the slug 
assembly by a single active coil at several fixed positions through the coil was measured. 
The end of the slug assembly was attached to a 600g load cell, and the coil was attached 
20 to a track that allowed the slug to be accurately positioned within the solenoid. A 15.6A 
, constant current supply was applied to the coil for a duration that allowed the force 
applied to load cell to stabilize (35ms).. 

In one embodiment, starting with the back edge of the slug flat with the back 
edge of the solenoid "zero position", the slug was moved in 6.2mm increments through 
25 the solenoid; this allowed a force profile for the slug and solenoid to be recorded. 
Profiles were recorded for the 2.53mm pair of slugs, 2.33mm pair of slugs, and 
individual slugs at 2.53mm and 2.33mm. 

In one embodiment, the static test force profiles for the split slugs can be 
compared to the results from a previous static test done on a full-length single slug as can 
30 be seen in Figure 28 which illustrates a split slug force profile. A full length 4.87mm 

slug generated 1.5N. The peak force for a 2.33mm slug was 0.92N. The peak force for a 
2.53mm slug was 0.96N. The force on a split slug completely changed direction in 
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0. IN could be applied to the slog in eitner direction. 

fa some ^ntiodhn^ by going to a ^ ^ fc o 
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Electrical Improvemetns 

rll,!rm ^^^"''^^^-^-pacilo^Z 
to supply sufficient energy to the solenoid. 

2.3.1 High Voltage Drive 
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adjusted so that it was exactly lg, this enabled the slug to be fired at a slower speeds 
which reduced encoder noise. A logic analyser running at lOOMhz was attached to the 
output of the optical encoder in order to log the time at which encoder edge inputs 
occurred. The slug was moved so that its back edge was flat with the rear of the solenoid 
5 "zero position" (see Figure 30). 

First - the central coil was pulsed at lOOus to ISOOuS at lOOus intervals to check 
that the acceleration profile was independent of pulse length. 

Second - the starting position for the slug was raised through the coil at 0.5mm 
intervals to 2.5mm and the central coil was fired for 1200us at each of these positions. 
10 Finally - in one embodiment, the extra weight on the slug assembly was removed 

(making the weight 0.28g), this was in order to get a speed comparison to previous tests 
performed at 15.5V. The slugwas moved so that its back edge was flat with the rear of 
the solenoid and the central coil was fired for 1200us. 

During all of the tests at 30V, the current that could be drawn to charge the 
15 capacitors was limited to 0.1A (0.2A was allowed for all previous experiments at 15.5V). 
For a given starting point all pulses accelerated the slug along the same acceleration 
profile. Figure 31 shows the speed traces for different pulse lengths in uSeconds. 

In one embodiment, by incrementing the start position of the slug towards the 
active coil, the acceleration of the slug appears to increase. The noise in the system 
20 means accurate measurement of the discrepancies between the acceleration is virtually 
impossible. However, it was possible to calculate the average force over a broad section 
of the force profile by using the maximum speed achieved and the associated time to 
obtain an average acceleration value. The mass was then divided in to obtain the force. 
The noisy position data was not significant over large displacements and therefore an 
25 average force within those displacements could be calculated using the data shown in 
Figure 31. 

In one embodiment, by removing the extra weight from the slug and firing it 
from the zero position with the middle coil the slug reached amaximum speed of 
15.5m/s. The energy in the 3300uF capacitor with a limited 0.1A supply was sufficient 
" 30 to accelerate the slug assembly to 15.5m/s and then decelerate the slug to a complete stop 
. without any deterioration in the acceleration profile. The lower voltage system showed 
some deterioration in acceleration during the braking section of an equivalent test. 
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The acceleration profile is independent of the pulse length. The force on the slug 
fcsbeenincreas^ Thishasbeen 
done with the use of smaller capacitors as highlighted by the lower mass experiments 
The average force produced by the 30V system was 6.6N compared to an average force 
of3.7Nforthe 15.5V system. The clear advantages of this approach are: 
Smaller capacitors 

Higher forces, giving fester acceleration / deceleration, higher speeds and 
increased abiUty to pull out, push in static / standing forces 

Increased magnetic field influence (potentially fewer coils used) 
2.3.2 Recommended next steps - Electronics optimisation 

, ' ChaDge the l5;5VPSUrafl t0 a 30V.iafl.aad change the capacitorsize to 
3300mf. 

A possible further avenue of exploration is to measure PSU energy use 

^^-ompletefmngcyclea.dusemeseresultstosetmeabsolute 
5 the capacitor. 

Redesign of me boost converter using a transformer to optimise the 
efficiency of the converter at this higher voltage. 

A new rig is currently being designed in order to obtain the higher positional 
resolution needed to gain an accurate force profile. 
3 3 Control System Development 

3.1 Objective 

The launcher system technical objectives include: 
accelerating to a speed of at least 4m/s. 

achieving apositional accuracy on stopping of +/- 0.05mm at any set 
depth between 0.5 and 3.5mm 

retracting from the skin under control at slow speed 
The objectives of this part of the work were to create a model to test control 
algonthms for the system and to create and test the models over a wide range of 
conditions. ^ 

3.2 Approach : 
3.2.1 Modelling environment 
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One embodiment of the launcher system was modelled in Matlab 7 Simulink. 
Matlab is a numerical modelling environment able to manipulate and compute 
mathematical models based on matrices. It is both command-line and script driven. 
Simulink is an extension to Matlab. It is a graphical environment which allows dynamic 
5 system modelling using the notation and conventions of control system block diagram 
models. Models are defined, initialised and then a simulation of their dynamic behaviour 
is run over a specified time sequence. Using Matlab scripts, multiple model runs were 
executed enabling fast analysis of model sensitivity to variables. 

3.2.2 Model composition 

10 The Simulink model created is in two parts: 

the controller, which runs the control system software. This handles all 
phases of the launch and retract cycle 

the test shell, which is a model of selected physical features of the 
launcher and the electronic input / output system, essential for testing the controller. 

15 Referring now to Figure 33, one embodiment of a launcher system model is 

shown. The approach was modular and iterative - the different system functions of 
sampling, controlling speed, timing the coil current were split so that each could be 
improved in isolation. The components of the model are shown in Figure 7. During the 
development of the model, some further decisions on implementation were taken - 

20 chiefly on the PWM / Coil drive system. 

The controller has two parts - the state controller and the dynamics controller. 
The state controller is designed to execute the whole launch cycle - acceleration, 
braking, then slow and fast retraction. The dynamics controller deals with adjustments to 
the coils to achieve control of the carriage. 

25 The test shell and the controller were both initialised from a Matlab script which 

sets up global constants for the current simulation run. During the run, simulation data is 
output to Matlab where it can be stored and later analysed. The main focus of work 
during development was on achieving a tight positional accuracy on insertion. 

3.2.3 ^Realism 

30 In operation, the launcher electronic system has many interactions but the system 

elements with the biggest impact on the control algorithm are: 
the encoder 
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the technique used to drive the coils 
the coils themselves. 
The some characteristics of the launcher system which 



are tabulated here: 
Skin - 



were used in the model 



Skin offset from rest 

position 

Skin force gain 



noise s.d. 
depth setting 



Encoder . 
Number of channels: 



Positional resolution: 
Standard deviation of 



positional measurement: . 



Carriage 



Mass 



4mm (fixed) 1 



114 N/m gives 0.4N 
@3.5mm 



3.5% 



0 - 3.5mm in 0. 1 mm steps 



4232nm 



+/- l|im 



Coil force gain 



Coil offset from zero 
position . 



3Npeak 



3.5mm 



Coil pitch 



PWM period 



2.33mm 



resolution 



throttle setting 



50ms 



8 bit 



50% 



3.2.4 Implemeutability 

to crier «o be ft ,„ fa,^, „ . ^ mteocontrol)er> , he ^ ^ 
mmU conned *„ m a limited se, of operalions ^ 

that will be used are: 

16-bit fixed point add /subtract 

16-bit fixed point multiply/divide 
Look up table. 

Buring this phase of testing, fell 32-bit floating-point arithmetic was used. 

3.2.5 Force Control -Pulse width modulation and coil firing 
PWM ^^a^^ 6 C ° n ^ r °^ ^ Ver ^ ' eve ^ of coil force developed, the model contains a 
PWMmodule. This pulses current to the coilsin time slots of 50ms . Within this period, 
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the time resolution was 8 bits, giving 256 selectable firing durations. Averaged over the 
PWM period, this gives direct control of the average force. 

Referring now to Figure 34, a 5 Coils Force Profile is shown. 

A simple rule was needed to decide which coil to fire during the cycle. Static 
5 force tests on the solenoids provided a force - distance profile (see Figure 34). The 
controller was programmed to use the following simple switching rule: 

In this embodiment, at all positions, select the coil that will generate the greatest 

force. 

This rule was encoded in 2 tables of 4-elements containing the switchover points 
1 0 for the 5coils for insertion and retraction. Because of the modular approach, the coil was 
treated as an instantly responding actuator. This means that other combinations of coil 
switching e.g. 2 coils at once can be employed within this module without affecting the 
architecture of the system. 

3.3 Control Techniques studied 
1 5 The physical system (plant) under control is a moving mass system with almost 

instantaneous direct control of the applied force. The only plant information is the 
position of the carriage. Two techniques were studied to achieve positional control. 
3.3.1 Acceleration-based 

In one embodiment, acceleration was measured by differentiating the position 
20 signal twice, and averaging this signal over the PWM period. This smoothed value was 
used as an input to a simple proportional controller, employing no integral or derivative 
action - see Figure 35. The output was fed to the PWM module as a time demand - 
which is translated to a force as described above. The results of this processing were 
favourable. " 

25 As seen in Figure 35, a portion of the control algorithm - Acceleration control, is 

shown. 

In this algorithm, the throttle is a logic signal, and the PWM demand is evaluated 
when triggered every PWM period (50ms). The PWM demand is a smoothed version of 
the acceleration error as the sum takes inputs from both the current and previous PWM 
30 periods. There are three model parameters - the constant PWM value and the two gain 
Figures. 
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adjusbngthecoirw^^^ 

possable, velocity and position could be controlled accurately as a result The 
retract cycle and is common to aU the models discussed here. 

foroed^o.ep^pwM^ ^acceleration controller's reason for being 
^^^^ormputismevariationincoilforcecau^edbythe 
^ ^^^bodimenUforward-looldng^^ 
-10 brafang. The results of testing this algorithm can be seen in Figure 36 and further 

because.wastargetinganacceleranonvaluew^ 

forcereg,on. This was quite unsatisfactory as a hard braking method 

Following initial testing of this algorithm it was decided to focus on the energy 
con*ol algorithm. The acceleration control algorithm was not tested with later modeT 
enhancements. 

•° 3 -3.2 Energy based 

rhelunebc energy, which it has at the skin entry point. 

^•-(^ysetpntaoor^^^^^^^ 

fa. van. with caniage posillo „, fte effKt rf ^ ^ fc ^ . s io 
» an nnoven speeo pro n,e. spend „ calculated ^ , ^ 

whrch ,s chined experirnenhrny, is stored, and ft_ pa* of ta CODtto] 

THree rmportan, rprandfe are Mw inhodoced. These are shown on Fignre 37- 
whatth' , ^^'^'^ "era given energy S e, point, ilis ^ 
what dre cod force, and therefore the wodr done hy the cod, wit, he, throng,™, braJting 
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The work done on the carriage by the skin is also known. By adding these together, the 
total work done on the carriage is calculated. Therefore, the idealized profile of carriage 
kinetic energy against distance can be calculated for the braking phase. This is used as 
the set point profile for control. Assuming there are no errors in the prediction of force 
5 on the carriage, this is the profile the carriage will follow when braked at the energy set- 
point with no intervention from the controller. 

• The total work available to brake the carriage from the skin + the coils. 
This is all the work that can be done on the carriage as it travels to the desired skin depth. 
It is also the profile which the carriage would follow under the action of 1 00% coil 
10 braking and skin force. This defines the control envelope - if the carriage kinetic energy 
departs outside this curve, it is certain to overshoot the stopping point 

The difference between the energy set-point and the total work available 
is the energy margin. This spare work is used to correct for errors between the actual 
speed and the set speed. 
15 In principle, to obtain a high level of braking, a small level of energy margin is 

used. To compensate for a large level of errors, a larger energy margin is used. The 
trade-off between the two can be reduced by improving the performance of the in-built 
control system. A diagram of the energy control algorithm is shown in Figure 38. 

Referring now to Figure 38, another portion of the control algorithm - energy 
20 control, will now be described. In this embodiment, this algorithm is continuously 
evaluated. A lookup table is used to read the current Figure for "braking work". The 
"skin work" is pre-calculated by a formula based on skin depth and is also stored in a 
lookup table. The energy set profile is calculated from the sum of skin work and braking 
work (scaled). The error (energy error) produced by subtracting this from the carriage 
25 kinetic energy is then scaled by a gain and modifies the fixed PWM value. 

The main error source which the controller acts on is the error between the 
predicted force -distance relationship of the skin and its actual value, together with the 
associated variation (skin noise); This is therefore one of the main testing usements. 
Implementation - data storage 
30 In order to use the concept of a dynamic energy set profile as an input to the 

controller, the carriage force profile needs to be stored. This is more sophisticated and 
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data intensive than acceleration control. Even so, 0.1mm resolution can be achieved to 
4.0mm depth with only 40 stored values. 

Following initial testing, the performance of the energy-based control strategy 
was promising. In some embodiments, the positional error on stopping was between - 
0.5mm and -0.15mm. 

After some testing of different methods for calculating the energy set profile, it 
was decided to use the following formula to calculate it: 

1 . Take the estimated work available from the skin from entry to stopping 

point 

2. Add in the work available from coil braking, scaled for the energy set 

point 

3.4 Sensitivity Study . 

The control approach described, above is data-intensive. There are several 
parameters, which affect the performance of the model to varying degrees. An 
illustration of the variables within each module and the extent to which they are under 
control is shown in Figure 39. During the course of this study, it was desired to test the 
effect of variation in the important factors below to ascertain the level to which they 
affect system performance. Fortunately, the models can be run repeatedly to investigate 
these variables over a range of values. During the sensitivity testing, roughly 100 
simulation runs with different parameters have been completed. 

Referring now to Figure 39, the nature of the module variables will now be 
described, The effect of each of the parameters highlighted in bold above on stopping 
accuracy has been checked. It was decided that the level of launcher friction was so low 
as to be insignificant in comparison to the other active forces (coil and skin force) and 
that therefore this was not essential to the model. 

Encoder noise 

In one embodiment, positional noise from the encoder affects velocity and 
acceleration measurements. The effect was characterised experimentally. From 
experimental data, thfc standard deviation of this noise was found to be +/-lmm. The 
noise component of this signal was added into the model as an error signal. The effect 
on the velocity measurement can be seen in Figure 1 - a noise signal is created. 
Throughout modelling, a value of 1mm was selected. The limit on encoder noise beyond 



WO 2004/107964 



PCT/US2004/018132 



44 

which positional control was significantly degraded was 2mm. A more complete graph 
of this effect is shown in Figure 40. 
Coil force measurement 

In one embodiment, the controller braking profile is based on measurements of 
5 the coil force conducted in a static force test. The effect of variations in these forces was 
studied and the result is shown in Figure 40. For the tests shown in this Figure, the 
predicted coil peak force was 4N. The actual coil force was varied from 2 to 6N. As can 
be seen, the effect of underestimating coil force is much less critical than that of 
overestimating it. The stopping accuracy was generally within 0.1mm of the desired 
10 stopping point, except at low levels of actual coil force. In that case, overshooting was 
more serious, at up to 0.3mm at 3mm set depth. 
Skin Entry Speed 

In one embodiment, the skin entry speed was targeted so that during braking, the 
carriage kinetic energy would converge with and run down the pre-programmed profile. 
15 Because of the fact that increased skin penetration depth brings more energy available 
from the coils to stop, this naturally means that the deeper the stopping point, the faster 
the entry speed. 

This way of targeting skin entry speed is not optimised for flight time, as the 
carriage could be driven faster in the early part of its flight, then braked before entering 
20 the skin. This refinement is particularly relevant for shallower depths but was not seen 
as useful to the set depth accuracy problem. Either side of its velocity set point, the 
braking controller has a "capture window" within which it can bring and keep the 
velocity under control during braking. Outside of this window the carriage either ends 
up overshooting, because the energy margin has been used up, or the carriage has 
25 insufficient momentum to enable it to reach its desired position and it stops short. 

A refinement that could be tested to deal with either of these eventualities was 
asymmetric gain. 

Coil Usage 

During the full insertion and retraction cycle, coil 0 alone is used for braking and 
30 acceleration. Because this aspect of the model is fully parametric, the force profile for 
predicted coils and actual coils can be quickly modified and retested when other coil 
layouts are tried. 
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Sensitivity to errors in skin force prediction 
.nclud.gapredictionofskinforceandhenceenergy. This estate was obtained fiom 

Test.gwasconductedtoexploretheeffectsoferr^rsoffactorsxlandx^ ' 

rT^r rCef0rC0 ^ SOnWi * n0 ^ aa ^ ^^-showninFigure, 
43 and 44 below show these three skin force gain scenarios. 

algorithm over a range of set depths and skin force gains. 

W.g.eater.hanatlowerdepth, This is to be expected intuitively, as the work done 
by the stan increases as a quadratic function of distance. 

o work effectively. 1*^ — ^1^^^.^^ 
forshanowentry. It should be home in mind that in this testing, the energy contro, 
concept was only implemented within the skin and not in free space. 

One of the best ways counteract errors in skin force prediction is to make the total 
possiblee^r^aHinrelationtothecoi, force, which can be conned. This is done by 
-easm, ;the -il force. The effe.tofmis can be seen m the earlier Figme 41 and also 
J nF.gu re4 3. The threetraces show simulations conducted at the same coil force and 
stoppmg error was greater when skin force was underestimated (red trace). 

In general, the control algorithm involves using a pre-programmed speed 
profile atafixed coil throttle setting and usingwhat coil force is left to cancel out errors 
ansmg from skin and other forces. 

• S ^°f^i^^ 

to vanation in coil force have been conducted and the effects recorded. 

Using a higher force in relation to skin force enables more precise 
positioning to be achieved. 

• . Us "S a Pe* 'oil force of 3^ 

can be achieved over a range of set depths from 1 to 3.5mm and overarangeof skin- 
force curves. At lower coil forces, positioning accuracy is degraded. 
Control system Development 
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Control algorithm - Test the idea of using an asymmetric gain on the 
energy error signal during braking. Include a model of the launcher friction. Change the 
method of calculating the energy set profile for shallow skin entry. 

Implementation - Construct a prototype system using MatLab RTW to 
5 produce real time code to run on MatLab XPC real time PC system. This will allow 
further testing and development of the control algorithm on the real hardware and skin. 

Implementation Model the system using only 16-bit arithmetic and 
change the energy-based algorithm to a velocity-based one to maintain signal precision. 

Implementation - Modify the algorithm to operate at the (much slower) 
10 P WM frequency, rather than in near real-time. 

; Testing -Test the revised algorithms using a similar test suite as 

described here. 

Experimental / mechanical data - Update the coil force graphs and 
dimensional parameters for the latest mechanical layout 
15 4 Position Sensors - LVDT 

In one embodiment, a linear variable differential transformer is an alternative to 
the optical encoder as a means of position and speed sensing. In a successful realisation, 
the chief advantages over the optical encoder are: 
a higher linear resolution 
20 * a smaller package size and a shape which is easier to integrate 

The ability to provide position updates to the microcontroller on request, 
rather than having an interrupt-driven system, which aids software design. 
Lower cost * 

The simple basic design of the LVDT is versatile and offers a wide scope for 
25 customisation. LVDTs also offer fast dynamic response, they can make measurements at 
up to 1/1 0 of the driving frequency on the primary winding. For this application, that 
translates into an ability to sense movement at >50m/s. Although widely used in 
industrial equipment, they are rarely found in low cost consumer items. The objective 
for this study is to prototype a design and to find an optimal solution for the launcher. 
30 4.1 Design Issues 

Operating frequency Needs to provide positional updates at a rate close to that 
of the current sensor (4-5ms). May be possible to go to 10ms. Assuming an ADC 
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Packaging Lengm <30mm, diameter < 8mm 
? System BOM cost, including electronics <$ 3 .00 

Throw distance 8mm 

Table 2: Outline LVDT specification 

The LVDT electronics is comprised of the following elements- 
Drive circuit. P° r '°w component count and design simplicity it makes 
-"toccmtrolmeLVDT^ 

' SeDSe 7 Sam *> le ci ™"- Must provide gain and offset zeroing and also the 
ability to hold the signal for the ADC. g and also the 

usement. ^ ^ ^ T" 8 " ^ 10 ■** ^uency 
4.2 Coil parameters 
4.2.1 Coil disposition 

•hg tenglh „ th, p nmMy jHlgth + , ^ lengih 

ratjo of (he secondary signals. 
4.2.2 Single coil 

k«* property lo a* ^ of , bc slo& ^ fc ^ ^ 
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sampling circuit can be designed such that the air offset is zeroed then a single secondary 
coil can be used. This would produce significant packaging benefits. 
4.2.3 Recommended next steps -LVDT 

Purchase a commercial LVDT and develop suitable drive circuitry for 

5 interface to a microcontroller system. 

Referring now to Figure 44, a predictive braking algorithm is shown. By 
modeling the penetrating member driver and the tissue to be penetrated, a "road map" of 
short is provided to determine when the braking should be applied to achieve a desired 
depth. Feedforward systems are described herein and are used in combination with a 

10 lancing device such as that described in commonly assigned copending U.S. Patent 
Application Sen No. 10/127,395 (Attorney Docket 38187-2551 and 38187-2606). 
Feedback is used in combination with feedfoward. In this. embodiment, feedforward 
may be used for braking of the penetrating member or more precisely, the slug driving 
the penetrating member. The feed forward algorithm may be stored in a processor used 

1 5 to control the penetrating member driver. Figure 44 shows in detail how the planned 
velocity is used to determine how to reach a desired depth. In one embodiment, the 
entire inbound path is traveled in under 10ms, which is faster than most humans can see. 
Hence the need for feedforward to provide a planned velocity so that the accurate depth 
can be reached without lag and/or instability that may be associated with a feedback only 

20 system. 

As each device is manufactured, each driver may be modeled during 
manufacturing to adjust the model for each driver. In other embodiments, a standard 
model may be used. 

While the invention has been described and illustrated with reference to certain 
25 particular embodiments thereof, those skilled in the art will appreciate that various 

adaptations, changes, modifications, substitutions, deletions, or additions of procedures 
and protocols may be made without departing from the spirit and scope of the invention. 
For example, with any of the above embodiments, the location of the penetrating 
member drive device may be varied, relative to the penetrating members or the cartridge. 
30 With any of the above embodiments, the penetrating member tips may be uncovered 
during actuation (i.e. penetrating members do not pierce the penetrating member 
enclosure or protective foil during launch). With any of the above embodiments, the 
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pcnetrtfmg members may be a bare penetrating member during launch. With any of the 
abov^^ 

WhastWsmayallowfor*^ ^ 

^-t-tedata^ ^ 
P-trahngmembermaybe configured to haveanotch or groove to facilitate conpling to 
a gnpper. The notch or groove may be formed along an elongate portion of the 
penetrating member. With any ofthe above embodiments, the cavity may be on the 
bottomorthetopofmecartridge^imthegripperontheotherside. Insome 

1.0 - bodi ~ 

fee**, V*^****^^**^^^ 

Thepenetratmgmembe^^ 

blood volumes described herein. The penetrating member driver may also be in 

openmg to engage a proximal end of a penetrating member to actuate the penetrating 
member along a path into and out ofthe tissue. 

* one ^odimentofthe W 
wflnowbedescribed. As a nonlimiting example, the LVDT, incorporating the bobbin 

^^7^^'^^ FigUres45and46 ^woneembodimentof 
abobbmTlOaccordingtothepresentinvendon. The bobbin 710 may include a coil 

separators. Secondary coils may be wound over region, 71 4 and 71 6. Thehub 
port*. 71 8 maybe removed after manufacturing to lurther decrease the size ofthe 

bobbm710. H 1 ediameterofthebobbin710maybevaried. The length is determined by 
thethrou^drst^ 

cmlsare.6mm wire . The layers determines the number of coil, The fewer turns used, 
less field you get. The present embodiment may have four layers for the secondary 
ffld * Vof ^P^aryco^ 

such as two and one may also be used. It is seen that a physical wall 712 is used to 
separatethecoiMnotshown). This provides for simplified manufacturing. Thecoils 
may be wound in a uniform manner, in one embodiment. A processor may be used to 
mterpolate the nonlinear output from the coil, Each processor may be calibrated to the 
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output to linearize it. In further embodiments, a wall 712 may be removable after the 
coils are wound. In still further embodiments, a clamp maybe placed on the bobbin 
during winding and may be removed after the coils are wound. 

The entire system may also include coil drive electronics, signal conditioning and 
microcontroller hardware, and firmware to control the microcontroller modules and 

process the incoming signal. 

One reason for considering the LVDT as a position sensor is because of its 

advantages over ah optical encoder. These break down into advantages for the product 
(the potential for lower cost manufacture and improved packaging), as well as functional 
advantages for the control system: (high speed, high accuracy on-demand position 
measurement). 

Desired Features 

To replace a linear encoder as a position and speed sensor, the LVDT module 
desire to have at least one of the following: Size - as small as possible; stability - the 
encoder module is stable with temperature, so the LVDT should be too; range / 
resolution - 20m across the measurement range of 8mm; response time / update 
frequency - 5s / 200kHz; and/or moving mass - as low as possible, to limit the effect on 
carriage ballistics. 

Referring now to Figure 46, a generic system schematic showing the modules and 
their relationships is shown. In one embodiment, for its operation, the module relies in 
part on the timing relationship between the signal which is used to drive the LVDT 
primary coil, sourced in this embodiment from a PWM module, and the sampling time of 
a 1 0-bit ADC. As a nonlimiting example, these may both be integral blocks on board a 
16-bit microcontroller. These blocks operate in synchronism, whichreduces the need for 
external componentry. The phase delay is set by internal microcontroller settings and by 
parameters of the external circuit. ADC sampling time is synchronized with the input 
signal in the present embodiment 

Figure 48 shows the timing of the signals of interest. Figure 49 shows one 
embodiment df the drive electronics which implement the coil drive and signal 
conditioning. During initial testing, a working frequency for the primary drive circuit 
was chosen in one embodiment which enables the ADC to make one sample for every 
cycle of the LVDT drive signal. By the adjustment of the phase delay, the ADC can be 
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■ the available positional resolution. As seen in Figure 48, the system may use a square 

— wavetatoddvethepri^coi,; luthis e mbt Kl fa eo.,sa n ,p,i I16by „, e 
ADCtsretatedtomesquarewaveinpu^O. It should be understood that a sine wave 
generator may also be used in some embodunents. A certain delay may be used so that 
the sampung occurs a the optimal point 752 (as seen in Figure 48). 

By synchronizing the timing of the ADC samples 1o me drive sign* md by nsin , 

10 include external rectification or hold circuitry. 
LVDT Primary coil drive 

neLTOTd ^*^wavetodrivemeprer>^coil :Ul i sis3chieve(lby 
eactmg a parelld resonant LC cireuit with a smtare wave input (TIOCA1 - Vdrive 

r I ^; iS . ara ^ Mrf ^ ,QK ^" l °-^- S omce fortheprimary 
!i ^ otrcutt is adjusted to resonate al the module operating frequency and R3 is 
used to hum the outpu, amplitude. R4 compensates for me pre™, coi, DC impedance 
to prevent output clipping on Ul C. 

Couphng and secondary coil signal conditioning 

-heritage rado of the LVDT is a mncdon of the buns rado and tht geometry of 
.boeotls. ^■sclK^,a.„ngsidem,meg,i„ s i„„e signaIpillb>t<>piese „ eSNR 
secondary coi, vohag. is fed ^ a stadard ^ ^ ^ 

before being fed into the ADC. The choice of resistor values for Ul D is driven by the 
need to obtain nunomum gain without fending the LVDT secondary coi! or Ute op-amp 
.«~**r. ^IWft,**,^^^ 
to use the op-amps most effectively. 

ADC conversion and signal processing 

The timing of the ADC sampling and conversion process is shown at the bottom 
of Ftgnre 4. .The ADC is daggered by the TPU, which also snpphes the PWM signs, 
samples near ,„e pe* of tbe „ egMive ^ ^ ^ ■ 

Vref, ,s set-up so ,ha, the ADC gives its ful, , 0-bi, resolution over ,h. anticipated 
voltage swing o, the amphfied LVDT seconda^igna, a, the samphng dme. With dte 
LVDT „ph„ a ,,y M up> lhjs ^ who , e psu ^ ^ ^ ^ ^ ^ ^ ^ 
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the LVDT core was moved over its travel can be seen in Figure 50. A look-up table of 
13 calibration values was used to encode the ADC counts over a range from 7.50 to 
14.00mm., The sampling of the ADC may be increased from 10ms to 7ms (40kHz) 
depending on the microcontroller used. 
5 Module Components 

Drive Electronics- Op- Amp circuit 

In one embodiment, the rail-to-rail op-amp chosen for the prototype circuit was 
the National LM824. From the table below, it was chosen because it is a low cost 
device, it has a 3.3V capability, a respectable gin-bandwidth product of 5MHz acceptable 
1CL input offset voltage and output drive capability, whilst offering 4 channels of gain. 

In the three instances in which it is used, there are differing requirements. In 
each one current drive capability and gain bandwidth product are the most important 
, Mid-rail supply - U1B, Coil Drive - Ul C 
In both these instances, the closed loop gain is 1, so the greatest requirement is 
1 5 for output drive capability. When testing the LVDT #0, the 75R resistor was necessary 
to prevent output clipping. With LVDTs #l-#4, this was reduced to 27R. 
Secondary Gain -U1D 

The op-amp was set-up to give a closed-loop gain of 1 at 1 00kHz which is well 
within its gain - bandwidth capability. This op-amp will cope with 200kHz testing, and 
20 it may be possible to specify an op-amp with a lower GBW product, and reduce cost 
further. 

Microcontroller hardware - ADC / TPU 

The LVDT circuit was prototyped on a Hitachi H8S2318, running at 20MHz. 
The operating frequency of the circuit was 100kHz. One of the limiting factors on this is 
25 the ADC conversion time, which was measured at 5.8s. This conversion rate is slowewr 
than the Adc on the proposed H8S3694 microcontroller, which is specified at 3.5s. 

Module performance 

In one embodiment, two designs of LVDT were tested. LVDT #0 was a simple 
design with three similar coils adjacent to each other. LVDTs #1 to #4 were made to the 
30 design shown in Figures 45 and 46, with a primary coil running the whole length of the 
coil and 2 secondary coils overwound on each half-section. 

Repeatability 
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Between calibrations 

In this embodiment, the calibration curve of LVDT m w 

5 (0.29%). 1 } "* ^ St3ndard deviati » of 1.12 counts 

Between coils 

Three identical examples of the same design, LVDTs#l #2 
Across the whole calibration ranpp tfc» ,. ' 9 below - 

measurements are relative to the zero n.- B™rence,all 
Temperature Stability 

-•^positional errors b aoroaa .emperatoe tan 6 e _ naahle^ e 

to ^™*-«eo^ toai , enOT()f0Allmiii 

positional error within the usable range was 0.48mm Thisle^T 
25 attention to reduce it h P , ^ J ^ s level of error requires lurther 

coil tern ! K B " Ked " y ^ » "» «f *• LVDT 

Resolution 

Theresolution of the LVDTmodule depends on two factors- 
The ADC resolution 
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The rate of change of output amplitude of the secondary coil with respect to the 
core position: the higher the better. 

For this embodiment, the ADC resolution was fixed at 10-bits. Within the range 
provided by this, the resolution was limited by the maximum signal amplitude which 
5 could be achieved from the secondary coil amplifier. Calibration curves for the first 
prototype LVDT, #0, and for #j- #3 are shown in figures 51 and 52 below. The usable 
range of the LVDT is highlighted on each figure. For LVDT 0, figure 7 shows that the 
raw ADC count changes rapidly with position between 7 and 14mm offset and this is the 
region where the resolution was highest on this LVDT prototype. Over this range, the 
10 resolution varied between 0.025mm and 0.014mm. Figures 52 and 53: Calibration charts 
- LVDT #0, and LVDTs #1 - #3 (combined) 

To check the effect of counterwinding, one of the secondary coils was wound in 
the opposite sense to all the other coils. As expected, the effect was the same as that of 
switching coil polarity, with no change in the amplitude / position relationship. 
15. Physical dimensions 

For one embodiment, Some 2D sketches of the LVDT bobbin are shown in 
Figures 54 and 55. The overall length is governed by the throw distance and the 
diameter is governed by the minimum achievable wall thicknesses and the number of 
turns wound. The representative outer dimensions QD for this iteration were OD 
20 3.65mm, length 23mm. This would create a packaged volume of approximately 

340mm3. For the encoder, the volume to be packaged is approximately 1 100 mm3. In a 
future design iteration, the number of turns wound could be reduced by approximately 
25% before any detrimental effects were noticed which would further benefit packaging. 
Effect of core size 

25 In one embodiment, a calibration was attempted using an 8mm core, and the 

result was that the level of coupling was decreased but the overall range between 
secondary peaks was unaffected. This suggests that reducing the core length will have 
no beneficial effect in increasing the usable throw distance. It is estimated that this can 
.be reduced by at least 50% in further trials. In one embodiment, the following 
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Parameter 


LVDT module 






Stability 


Coil-to-coil repeatability: 
0.30mm. 

Temperature: 0.50mm over 
operating temp range and 
JJsable^aJiprationr^ 


Range/ 
Resolution 


8mm/20um 


Response time 


On-demand^OffldfeT^^tt" 
3694 microcontroller. Tested at 
lOOfcHz/lOus • 


Moving mass 


0.1 63g " ; 


Size 1 


340mm 3 _ 



Coils 



#0 



#l-#3 



Parameter 



Primary^isistarice " ~ 



secondary B) 




Value 



7mm 



Pr, mary7esistance — 



Secondary resistance 
Repeatability between Coils 
1 Resolution 

Range at this resolution 



1:1:1 



32ohm 



34.5 / 34.5 ohm 



1.10% 



20um 



7mm 
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In yet another embodiment, a solenoid-based actuator has been developed to 
move penetrating members into skin for the purpose of collecting blood for the analysis 
of blood glucose. To reduce pain and improve blood yield, the speed, acceleration, and 

5 position of the actuating solenoid is controlled. In this embodiment, control is provided 
by a processor that monitors the actuation cycle and modulates the electrical power to the 
solenoid. Commercially available position transducers (such as Hewlett Packard 
HEDS9731) are being used to provide actuator position information. 

In one embodiment, the present invention consists of a Linear Variable 

10 Differential Position Transducer (LVDT) that has been modified to provide a low profile 
design. LVDT's are commonly available such as from Solartron (704) 868-4661 and 
consist of adjacent cylindrically wound coils with a soft iron coupling slug that moves 
inside the coils. Energy from an excitation coil is coupled into two secondary coils in 
proportion to the slug position within the coils. Available LVDT's are cylindrical so the 

15 height and width are equal. 

Referring now to Figure 10, to create a more compact LVDT, in one 
embodiment, the excitation and driven coils could be wound as flat coils and placed next 
to each other in a plane. The moving slug 100 would then take the form of a flat plate of 
soft iron that moves in a plane parallel to the coil plane, and close to it. The resulting 

20 transducer 102 would be thin relative to its width and would make more efficient use of 
space. The price for a more compact design would be efficiency of coupling, and 
possibly accuracy. 

One arrangement of coDs, as illustrated in Figure 54, would consist of a large 
rectangular driving coil wound in a flat open shape. Inside the driver coil 1 04, two 
25 smaller rectangular or square coils 106 would be mounted side-by-side. The slug would 
move along the long axis of the driving coil. Figures 55 and 56 provide views of the 
coil. Specifically, Figure 56 shows the slug removed and the coils 104 and 106 exposed. 

Another arrangement of coils would be similar, with sensing coils inside a 
driving coil, but the coils may be traces etched onto a thin PCB or flex circuit. Multiple 
30 PCB's and/or flex circuits could be stacked to provide more coil turns. 
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tasuna.so. Tie vata w « *abed aUOHzin J*"'* - 
Figure 58 below is similar to the one above hntth., i 

in one embodiment, a position transducer for detect.no m „u ■ 
> position is provided Th,^ * « " e tecting mechamsm component 

Lddrive 7 ^-inding flatcoils and placing driver 

coils may be created by etching a PCR or fw ■ a . 

thatwodcsonmeLVDTpnn! a ^ position transducer is described 

on me LVDT principle and is very compact The low-profile f™™^ 

— i ^ by using Oat, c^Wco* Md . flal coop ~ 
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in one embodiment, the shaft 1 10 may be covered with a magnetic layer. Plating 
of magnetic material on the carbon fiber rod would reduce the mass of the slug. Moving 
mass reduction will allow for improved acceleration. 

Referring now to Figure 59, a still further embodiment of a cartridge according to 
5 the present invention will be described. Figure 59 shows one embodiment of a. cartridge 
900 which may be removably inserted into an apparatus for driving penetrating members 
to pierce skin or tissue. The cartridge 900 has a plurality of penetrating members 902 
that may be individually or otherwise selectively actuated so that the penetrating 
members 902 may extend outward from the cartridge, as indicated by arrow 904, to 
10 penetrate tissue. In the present embodiment, the cartridge 900 may be based on a flat 

disc with a number of penetrating members such as, but in no way limited to, (25, 50, 75, 
100, .'..) arranged radially on the disc or cartridge 800. It should be understood that 
although the cartridge 900 is shown as a disc or a disc-shaped housing, other shapes or 
configurations of the cartridge may also work without departing from the spirit of the 
15 present invention of placing a plurality of penetrating members to be engaged, singly or 
in some combination, by a penetrating member driver. 

Each penetrating member 902 may be contained in a cavity 906 in the cartridge 

900 with the penetrating member's sharpened end facing radially outward and may be in 
the same plane as that of the cartridge. The cavity 906 may be molded, pressed, forged, 
20 or otherwise formed in the cartridge. Although not limited in this manner, the ends of 
the cavities 906 may be divided into individual fingers (such as one for each cavity) on 
the outer periphery of the disc. The particular shape of each cavity 906 may be designed 
to suit the size or shape of the penetrating member therein or the amount of space desired 
for placement of the analyte detecting members 808. For example and not limitation, the 

25 cavity 906 may have a V-shaped cross-section, a U-shaped cross-section, C-shaped 
cross-section, a multi-level cross section or the other cross-sections. The opening 810 
through which a penetrating member 902 may exit to penetrate tissue may also have a 
variety of shapes, such as but not limited to, a circular opening, a square or rectangular 
opening, a U-shaped opening, a narrow opening that only allows the penetrating member 

30 to pass, an opening with more clearance on the sides, a slit, a configuration as shown in 
Figure 75, or the other shapes. 
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In this embodiment, after actuation, the penetrating member 902 is returned into 
the cartridge and may be held within the cartridge 900 in a manner so that it is not able to 
beusedagain. By way of example and not limitation, a used penetrating member may 
be returned into the cartridge and held by the launcher in position until the next lancing 
5 event. At the time ofthe next lancing, the launchermay disengage the used penetrating 
•^wim.mec^dge^ tun 1 edormdexedtomenext C lea fl pene ta tmg m ember 
such that the cavity holding the used penetrating member is position so that it is not 
accessible to the user (i.e. turn away from a penetrating member exit opening). In some 
embodiments, the tip of a used penetrating member may be driveninto a protective stop 
.10 ^oldmepenetmtingmember^^ 

wrth a new cartridge 900 once all the penetrating members have been used or at such 
other tune or condition as deemed desirable by the user. 

Referring still to the embodiment in Figure 59, the cartridge 900 may provide 
stenle environments for penetrating member, via seals, foils, covers, polymeric or 
15 ^-a'erialsusedtose^^ 

members to rest in. In the present embodiment, a foil or seal layer 920 is applied to one 
surface of the cartridge 900. Tire seal layer 920 may be made of a variety of materials 
such as a metal«ic foil or other seal materials and may be of a tensile strength and other 
quahty that may provide a sealed, sterile environment until the seal layer 920 is penetrate 
by a surtable or penetrating device providing a preselected or selected amount offeree to- 
open the sealed, sterile environment. Each cavity 906 may be individually sealed with a 
layer 920 m a manner such that the opening of one cavity does not interfere with the 
sterrlrty m an adjacent or other cavity in the cartridge 800. As seen in the embodiment of 
Figure 59, the seal layer 920 may be a planar material that is adhered to a top surface of 
25 the cartridge 800. 

Depending on the orientation of the cartridge 900 in the penetrating member 
driver apparatus, the seal layer 920 may be on the top surface, side surface, bottom 
surface, or other positioned surface. For ease of illustration and discussion of the 
embodiment of Figure 59, the layer 920 is placed on a top surface ofthe cartridge 800 
30 The cavities 906 holding the penetrating members 905 are sealed on by the foil ,ayer 920 
and thus create the sterile environmeuts for the penetrating members. The foil layer 920 
may seal a plurality of cavities 906 or only a select number of cavities as desired 
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In a still further feature of Figure 59, the cartridge 900 may optionally include a 
plurality of analyte detecting members 908 on a substrate 922 which may be attached to 
abottom surface of the cartridge 900. The substrate maybe made of amaterial such as, 
but not limited to, a polymer, a foil, or other material suitable for attaching to a cartridge 
5 and holding the analyte detecting members 908. As seen in Figure 59, the substrate 922 
may hold a plurality of analyte detecting members, such as but not limited to, about 10- 
50, 50-100, or other combinations of analyte detecting members. This facilitates the 
assembly and integration of analyte detecting members 908 with cartridge 900. These 
analyte detecting members 908 may enable an integrated body fluid sampling system 
10 where the penetrating members 902 create a wound tract in a target tissue, which 

expresses body fluid that flows into the cartridge for analyte detection by at least one of 
the analyte detecting members 908. The substrate 922 may contain any number of 
analyte detecting members 908 suitable for detecting analytes in cartridge having a 
plurality of cavities 906. In one embodiment, many analyte detecting members 908 may 
15 be printed onto a single substrate 922 which is then adhered to the cartridge to facilitate 
manufacturing and simplify assembly. The analyte detecting members 908 may be 
electrochemical in nature. The analyte detecting members 908 may further contain 
enzymes, dyes, or other detectors which react when exposed to the desired analyte. 
Additionally, the analyte detecting members 908 may comprise of clear optical windows 
20 that allow light to pass into the body fluid for analyte analysis. The number, location, 
and type of analyte detecting member 908 may be varied as desired, based in part on the 
design of the cartridge, number of analytes to be measured, the need for analyte detecting 
member calibration, and the sensitivity of the analyte detecting members. If the cartridge 
900 uses an analyte detecting member arrangement where the analyte detecting members 
25 are on a substrate attached to the bottom of the cartridge, there may be through holes (as 
shown in Figure 76), wicking elements, capillary tube or other devices on the cartridge 
900 to allow body fluid to flow from the cartridge to the analyte detecting members 908 
for analysis. In other configurations, the analyte detecting members 908 maybe printed, 
formed, or otherwise located directly in the cavities housing the penetrating members 
30 902 or areas on the cartridge surface that receive blood after lancing. 

The use of the seal layer 920 and substrate or analyte detecting member layer 822 
may facilitate the manufacture of these cartridges 10. For example, a single seal layer 
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may also show measured analyte levels or other measurement or feedback to the user 
without the need to plug apparatus 980 or a separate test strip into a separate analyte 
reader device. The apparatus 980 may include a processor or other logic for actuating 
the penetrating member or for measuring the analyte levels. The cartridge 900 may be 

5 loaded into the apparatus 980 by opening a top housing of the apparatus which may be 
hinged or removably coupled to a bottom housing. The cartridge 900 may also drawn 
into the apparatus 980 using a loading mechanism similar in spirit to that found on a 
compact disc player or the like. In such an embodiment, the apparatus may have a slot 
(similar to a CD player in an automobile) that allows for the insertion of the cartridge 

10 900 into the apparatus 980 which is then automatically loaded into position or otherwise 
seated in the apparatus for operation therein. The loading mechanism may be 
mechanically powered or electrically powered. In some embodiments, the loading 
mechanism may use a loading tray in addition to the slot The slot may be placed higher 
on the housing so that the cartridge 900 will have enough clearance to be loaded into the 

1 5 device and then dropped down over the penetrating member driver 982. The cartridge 
900 may have an indicator mark or indexing device that allows the cartridge to be 
properly aligned by the loading mechanism or an aligning mechanism once the cartridge 
900 is placed into the apparatus 980. The cartridge 900 may rest on a radial platform 
that rotates about the penetrating member driver 982, thus providing a method for 

20 advancing the cartridge to bring unused penetrating members to engagement with the 
penetrating member driver. The cartridge 800 on its underside or other surface, may 
shaped or contoured such as with notches, grooves, tractor holes, optical markers, or the 
like to facilitate handling and/or indexing of the cartridge. These shapes or surfaces may 
also be varied so as to indicate that the cartridge is almost out of unused penetrating 

25 members, that there are only five penetrating members left, or some other cartridge status 
indicator as desired. 

A suitable method and apparatus for loading penetrating members has been 
described previously in commonly assigned, copending U.S. patent applications 
Attorney Dodket 38187-2589 and 38187-2590, and are included here by reference for all 

30 purposes. Suitable devices for engaging the penetrating members and for removing 
protective materials associated with the penetrating member cavity are described in 
commonly assigned, copending U;S. patent applications Attorney Docket 38187-2601 
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tissue lancing phase which comprises when the penetrating member hits the inflection 
point on the skin and begins to cut the skin B and the penetrating member continues 
cutting the skin C. The penetrating member rest phase D is the limit of the penetration of 
the penetrating member into the skin. Pain is reduced by minimizing the duration of the 
5 penetrating member introduction phase A-C so that there is a fast incision to a certain 
penetration depth regardless of the duration of the deformation phase A and inflection 
point cutting B which will vary from user to user. Success rate is increased by 
measuring the exact depth of penetration from inflection point B to the limit of 
penetration in the penetrating member rest phase D. This measurement allows the 
1 0 penetrating member to always, or at least reliably, hit the capillary beds which are a 
known distance underneath the surface of the skin. 

The penetrating member retraction phase further comprises a primary retraction 
phase E when the skin pushes the penetrating member put of the wound tract, a 
secondary retraction phase F when the penetrating member starts to become dislodged 
1 5 and pulls in the opposite direction of the skin, and penetrating member exit phase G 
when the penetrating member becomes free of the skin. Primary retraction is the result 
of exerting a decreasing force to pull the penetrating member out of the skin as the 
penetrating member pulls away from the finger. Secondary retraction is the result of 
exerting a force in the opposite direction to dislodge the penetrating member. Control is 
20 necessary to keep the wound tract open as blood flows up the wound tract. Blood 

volume is increased by using a uniform velocity to retract the penetrating member during 
the penetrating member retraction phase E-G regardless of the force required for the 
primary retraction phase E or secondary retraction phase F, either of which may vary 
from user to user depending on the properties of the user's skin. 
25 Displacement versus time profile of a penetrating member for a controlled 

penetrating member retraction can be plotted. Velocity vs. time profile of the penetrating 
member for the controlled retraction cann also be plotted. The penetrating member 
driver controls penetrating member displacement and velocity at several steps in the 
lancing cycle, including when the penetrating member cuts the blood vessels to allow 
30 blood to pool 2130, and as the penetrating member retracts, regulating the retraction rate 
to allow the blood to flood the wound tract while keeping the wound flap from sealing 
the channel 2 1 32 to permit blood to exit the wound. 
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tenting data for a patient with a pointer to the last entry in the table. When a new entry is 
input, it can replace the entry at the pointer and the pointer advances to the next value. 
When an average is desired, all the values are added and the sum divided by the total 
number of entries by the processor 193. Similar techniques involving exponential decay 
5 (multiply by .95, add 0.05 times current value, etc.) are also possible. 

With regard to tenting of skin generally, some typical values relating to 
penetration depth are now discussed. A cross sectional view of the layers of the skin can 
be shown. In order to reliably obtain a useable sample of blood from the skin, it is 
desirable to have the penetrating member tip reach the venuolar plexus of the skin. The 

10 stratum corneum is typically about 0.1 to about 0.6 mm thick and the distance from the 
top of the dermis to the venuole plexus can be from about 0.3 to about 1 .4 mm. Elastic 
tenting can have a magnitude of up to about 2 mm or so, specifially, about 0.2 to about. 
2.0 mm, with an average magnitude of about 1 mm. This means that the amount of 
penetrating member displacement necessary to overcome the tenting can have a 

1 5 magnitude greater than the thickness of skin necessary to penetrate in order to reach the 
venuolar plexus. The total penetratin g member displacement from point of initial skin 
contact may have an average value of about 1.7 to about 2.1 mm. In some embodiments, 
penetration depth and maximum penetration depth may be about 0.5 mm to about 5 mm, 
specifically, about 1 mm to about 3 mm. In some embodiments, a maximum penetration 

20 depth of about 0.5 to about 3 mm is useful. 

In some embodiments, the penetrating member is withdrawn with less force and a 
lower speed than the force and speed during the penetration portion of the operation 
cycle. Withdrawal speed of the penetrating member in some embodiments can be about 
0.004 to about 0.5 m/s, specifically, about 0.006 to about 0.01 m/s. In other 

25 embodiments, usefol withdrawal velocities can be about 0.001 to about 0.02 meters per 
second, specifically, about 0.001 to about 0.01 meters per second. For embodiments that 
use a relatively slow withdrawal velocity compared to the penetration velocity, the 
withdrawal velocity may up to about 0.02 meters per second. For such embodiments, a 
ratio of the average penetration velocity relative to the average withdrawal velocity can 

30 be about 1 00 to about 1 000. In embodiments where a relatively slow withdrawal 

velocity is not important, a withdrawal velocity of about 2 to about 10 meters per second 
may be used. 
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Another example of an embodiment of a velocity profile for a penetrating 
*- b -^see*sho^ 

entry velocity and a slow withdrawal velocity. A lancing profile showing velocity of the 
penetraungmemberversusposition. lancing profile starts at zero time and position 
and shows acceleration of the penetrating member towards the tissue from the ^ 
electromagnetic force generated from the electromagnetic driver. At point A, the power 
.shut off and thepenetratingmember begins to coast until it reaches the skin indicated 
by B at whichpomt, the velocity begins to decrease. At point C, thepenetratingmember 

10 about 8 milliseconds. 

A retrograde withdrawal force is then imposed on the penetratmg member by the 
controllable driver, which is controlled by the processor to maintain a withdrawal 
veloaty of no more than about 0.006 to about 0.01 meters/second. The same cycle is 

where the penetrating member tip contacts tissue 233. The penetrating member tip then 
penetrates the tissue and slows with braking force eventually applied as the maximum 

-0 slowly withdrawnuntilitretumstomeimtializationpointshownbyE. Notethat 

retiograderecoilfrom elastic and inelastic tenting was not shown in the lancing profiles 
tor purpose of illustration and clarity. 

Inanoteembodtoent^ ^ 

^ theslow ^tcOlmeterpersecondspeeduseduntilthepenetratingmemberis ■ 
second may be used to shorten the complete. cycle. 

While the invention has been described and illustrated with reference to certain 
particular embodiments thereof, those skilled in the art will app rec iate that various 
adaptations, changes, modifications, substitutions, deletions, or additions of procedures 

For example, with any of the above embodiments, the location of the penetrating 
member drive device may be varied, relative to the penetrating members or the cartridge 



WO 2004/107964 



PCTAJS2004/018132 



68 

With any of the above embodiments, the penetrating member tips may be uncovered 
during actuation (i.e. penetrating members do not pierce the penetrating member 
enclosure or protective foil during launch). With any of the above embodiments, the 
penetrating members may be a bare penetrating member during launch. With any of the 

5 above embodiments, the penetrating members may be bare penetrating members prior to 
launch as this may allow for significantly tighter densities of penetrating members. In 
some embodiments, the penetrating members may be bent, curved, textured, shaped, or 
otherwise treated at a proximal end or area to facilitate handling by an actuator. The 
penetrating member may be configured to have a notch or groove to facilitate coupling to 

10 agripper. The notch or groove may be formed along an elongate portion of the 

penetrating member. With any of the above embodiments, the cavity may be on the 
bottom or the top of the cartridge, with the gripper on the other side. In some 
embodiments, analyte detecting members may be printed on the top, bottom, or side of 
the cavities. The front end of the cartridge maybe in contact with a user during lancing. 

1 5 The same driver may be used for advancing and retraction of the penetrating member. 
The penetrating member may have a diameters and length suitable for obtaining the 
blood volumes described herein. The penetrating member driver may also be in 
substantially the same plane as the cartridge. The driver may use a through hole or other 
opening to engage a proximal end of a penetrating member to actuate the penetrating 

20 member along a path into and out of the tissue. 

Any of the features described in this application or any reference disclosed herein 
may be adapted for use with any embodiment of the present invention. For example, the 
devices of the present invention may also be combined for use with injection penetrating 
members or needles as described in commonly assigned, copending U.S. Patent 

25 Application Ser. No. 10/127,395 (Attorney Docket No. 381 87-2551) filed April 19, 

2002. An analyte detecting member to detect the presence of foil may also be included 
in the lancing apparatus. For example, if a cavity has been used before, the foil or 
sterility barrier will be punched. The analyte detecting member can detect if the cavity is 
fresh or not basfed on the status of the barrier. It should be understood that in optional • 

30 embodiments, the sterility barrier may be designed to pierce a sterility barrier of 

thickness that does not dull a tip of the penetrating member. The lancing apparatus may 
also use improved drive mechanisms. For example, a solenoid force generator may be 
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actuation (i.e. penetrating members do not pierce the penetrating member enclosure or 
protective foil during launch). The penetrating members may be a bare penetrating 
member during launch. In some embodiments, the penetrating member may be a patent 
needle. The same driver may be used for advancing and retraction of the penetrating 
5 member. Different analyte detecting members detecting different ranges of glucose 
concentration, different analytes, or the like may be combined for use with each 
penetrating member. Non-potentiometric measurement techniques may also be used for 
analyte detection. For example, direct electron transfer of glucose oxidase molecules 
adsorbed onto carbon nanotube powder microelectrode may be used to measure glucose 
10 levels. In some embodiments, the analyte detecting members may formed to flush with 
the cartridge so that a 'Veil" is not formed. In some other embodiments, the analyte 
detecting members may formed to be substantially flush (within 200 microns or 100 
microns) with the cartridge surfaces. In all methods, nanoscopic wire growth can be 
carried out via chemical vapor deposition (CVD). In all of the embodiments of the 
1 5 invention, preferred nanoscopic wires may be nanotubes. Any method useful for 
depositing a glucose oxidase or other analyte detection material on a nanowire or 
nanotube may be used with the present invention. Additionally, for some embodiments, 
any of the cartridge shown above may be configured without any of the penetrating 
members, so that the cartridge is simply an analyte detecting device. Still further, the 
20 indexing of the cartridge may be such that adjacent cavities may not necessarily be used 
serially or sequentially. As a nonlimiting example, every second cavity may be used 
sequentially, which means that the cartridge will go through two rotations before every 
or substantially all of the cavities are used. As another nonlimiting example, a cavity 
that is 3 cavities away, 4 cavities away, or N cavities away may be the next one used. 
25 This may allow for greater separation between cavities containing penetrating members 
that were just used and a fresh penetrating member to be used next. For any of the 
embodiments herein, they may be configured to provide the various velocity profiles 
described. 

This application cross-references commonly assigned copending U.S. Patent 
30 Applications Ser. No. 1 0/323,622 (Attorney Docket No. 381 87-2606) filed December 1 8 
2002; commonly assigned copending U.S. Patent Applications Ser. No. 10/323,623 . 
(Attorney Docket No. 38187-2607) filed December 18, 2002; and commonly assigned 
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copendtagU.S.PatentApplicationsSer.No. 10/323,624 (Attorney Docket No 38187 
2608)^ ^^18,2002. This application is also related to commonly assigned 
copendu.gUS.PatentApplicationsSer.Nos. 10/335,142, 10/335,215 10/335 ,258 
10/335,099, 10/335,219, 10/335,052, 10/335,073, 10/335,220, 10*35,252, 10/335218 
> 10/335,211,10/335,257, ,0/335,2,7, ,0/335,2,2, and ,0/335,34, 1G /335 183 

(A tt o m eyDoc k etNo,38187-2633tbrough38187-2652) fi ,edDec^ 2002 ^ 
Ration is also a continuation-in-part of commonly assigned, copending US. Patent 

A PP^onSer.No.l0/425,815(A tt omeyDocketNo.3.8187-2663^ 2003 
TbsapplKationisacontinuation-in-partofco^ 

0n , S T - N °' 10/323 ' 622 (Att °^ D - ket ^ 38187-2606) filed on D eee mber 
18, 2002, wh 1C h 1S a continuation-in-part of coznxnonly assigned, copending U.S. Patent 
ApphcauonSer. No. 10/127,395 (Attorney Docket No. 38187-2551) filed April 19 

U.S. Patent Application Ser. No. 10/237,26, (Attorney Docket No. 38187-2595) fi,ed 
Septenrter^OOZ ™s application is iurther a continuat^^ 

38187-2664) filed April 21, 2003. This application is further a continuation-in-part of 
— y assigned, -pending US. Patent Application Se, No. 10/335,142 (Attorney 
Docket No. 38187-2633) filed December 31, 2002. This application is further a 

10/423,851 (AttomeyDocketNo.38187-2657)filedApril24,2003. This application 
Patent Apphcation Ser. No. 60/422,988 (Attorney Docket No. 38187-2601) filed 
Ser.No. 60/424,429 (A«o me y^ 

eornmonly assigned, copending U.S. Provisional Patent Application Ser. No. 60/424 429 
(^J^^lfn^BUn^^^ Allappficationslisted 
above are incorporated herein by reference for all purposes. 

^P^onsdiscussedorcitedhereinareprov^ 
pnor to the filing date of the present application. Nothing herein is to be construed as an 
adnnssion that the present invention is not entitled to antedate such publication by virtue 
of pnor invention. Further, the dates of publication provided m ay be different from the 



WO 2004/107964 



PCTAJS2004/018132 



72 

actual publication dates which may need to be independently confirmed. All 
publications mentioned herein are incorporated herein by reference to disclose and 
describe the structures and/or methods in connection with which the publications are 
cited. For ease of reference, U.S. Provisional Applications Sen No. 60/476,584, 
60/478,040, 60/478,704, 60/478,657, 60/478,682, and 60/507,689 are hereby fully 
incorporated herein by reference for all purposes. 

Expected variations or differences in the results are contemplated in accordance 
with the objects and practices of the present invention. It is intended, therefore, that the 
invention be defined by the scope of the claims which follow and that such claims be 
interpreted as broadly as is reasonable. 
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WHAT IS CLAIMED IS: 

1. A method of controlling a penetrating member, the method 

comprising: 

(a) P^dingadevicecomprisingapenetmtmgmembertoverhaving 
5 a position sensor and a processor; 

(b) a «eleratmgme P enetratmgmembertoward Sa target W ^ 

(c) u ^g * control algorithm 
penetrating member to follow a desired trajectory. 

2. A method of controlling a penetrating member, the method 

10 comprising: 

(a) providing a lancing device comprising a penetrating member 
dnverhavmgaposiu^ 

and velocity of the penetrating member based on measuring relative position of the 
penetrating member with respect to time; 

(b) accelerati "g the penetrating member towards a target tissue; and 

(c) using an adaptive control algorithm to decelerate the penetrating 
member to follow adesired trajectory, wherein the penetrating m ember is not decelerated 
m a sudden manner where the tissue bounds away from the member. 

" ^^thod ofclaimi feed forward control comprises using a 
20 Planned velocity profile to reach a desired depth. 

4. The method of claim 1 wherein the magnitude of the known value 
of deceleration is determined by the deceleration of the penetrating member due to 
intrinsic frictional forces of the lancing device alone. 

„ ' ^ ^ emeth ^°f^lnirther comprising using a look-up table to 

determine penetrating member settings based on a desired penetration depth. 

6. A °iemodofcontrollmgpenetraUngmembervelocity,themethod 
comprising: " 

advancing the penetrating member to reach a first desired velocity; 
providing a controller for applying braking force; 
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applying variable amounts of braking force and driving force to follow a 
predicted velocity profile, checking in each braking cycle whether braking force should 
be varied. . 

7. A method of controlling penetrating member velocity, the method 

5 comprising: 

controlling penetrating member depth by using an electronic lancet drive 
system where inbound penetration of the member to the skin is determined by the 
amount of force applied by the motor to achieve a certain velocity at impact with the 
skin. 

10 8. A method of body fluid sampling comprising: 

moving a penetrating member at conforming to a selectable velocity 
profile or motion waveform; 

measuring force applied by user to a front end of a lancing device; 
determining amount of tissue tenting; 

15 recording tenting and force. 

9. The method of claim 8 ftrther comprising using force and tenting 
to determine stratum corneum thickness based on a slope of multiple force and tenting 
data points. 

10. A device for body fluid sampling usable with a cartridge housing a 
20 plurality of penetrating members, the device comprising: 

a housing; 

a penetrating member driver coupled to said housing and for use with said 

cartridge; 

a processor for controlling said penetrating member driver to move at 
25 least one of said penetrating members at velocities which conform with a selectable 
velocity profile; 

a pressure transducer coupled to a front end of the housing where a user 
places a target tissue, said transducer sending measurements to the processor, said 
processor also measuring tenting of the tissue. 
30 11. The device of claim 

] 0 comprising a window allowing a user to see the cartridge while the 
cartridge is in said housing. 
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12. The device of claim 

1 0 comprising display showing device status. 

13. The device of claim 

10 comprising display showing lancing performance. 

14. The device of claim 

1 0 comprising display showing lancing parameters. 

15. The device of claim 

16. The device of claim 

10 wherein said penetrating member driver moves an active one nf „ 
17. The device of claim 

levels at least 1 .5 toes less than that of known devices. 
18. The device of claim 

umes iess than that of known devices. 

m em h „ 19 ' Aroeth0d ° fdete ^ n8COntactbetw ^a^ 

member and target tissue.of a patient comprising: 8 

25 driverhavn.'' 33 H ' ^ a penetrating mem ber 

penetrating member with respect to time; 



15 
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(b) Measuring a magnitude of deceleration of the penetrating member 
during at least a portion of the inward cutting stroke of the lancing cycle and comparing 
the magnitude of the measured deceleration to a known value of deceleration; and 

(c) Determining contact if the magnitude of the measured deceleration 
5 is sufficiently greater than the magnitude of the known value of deceleration.. 

20. The method of claim 1 wherein the magnitude of the known value 
of deceleration is determined by the deceleration of the penetrating member due to 
intrinsic factional forces of the lancing device alone. 

21 . The method of claim 20 wherein the magnitude of the known 
10 value of deceleration is determined empirically by observing the magnitude of 

deceleration of the penetrating member when the penetrating member is known to be 
making contact with the target tissue. 

22. A method of designing a product, the method comprising: 
using personality test to determine characteristics of the user; 

1 5 designing a plurality products designed to appeal to those with certain 

personalities; 

selecting at least one product design based on user personality. 

23 . A method of controlling penetrating member velocity, the method 

comprising: 

20 advancing the penetrating member to reach a first desired velocity; 

providing a controller for applying braking force; 

applying variable amounts of braking force based on a desired velocity 
provide to bring the penetrating member to a stop at a desired depth. 

24. A method of body fluid sampling comprising: 

25 moving a penetrating member at velocities that conform with a tent and 

hold lancing yelocity profile or motion waveform; 

achieving higher rates of spontaneous blood and higher spontaneous 
yields given the same penetration depth; 

achieving lower pain relative to spontaneous blood yield. 
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32, The method of claim 29 comprising advancing said penetrating 
member to continue the lancing event in order to achieve a desired depth into the tissue. 

33, A method of controlling a penetrating member, the method 
comprising: [2683] 

5 (a) providing a lancing device comprising a penetrating member . 

driver having a position sensor and a processor that can determine the relative position 
and velocity ofthe penetrating member based on measuring relative position of the 
penetrating member with respect to time; 

(b) providing a predetermined velocity control trajectory based on a 

10 model of the driver and a model of tissue to be contacted; and 

(c) using feedforward control to maintain penetrating member 

velocity along said trajectory. 

34. The method of claim 29 feed forward control comprises using a 
planned velocity profile to reach a desired depth. 

15 35, The method of claim 29 wherein the magnitude of the known 

value of deceleration is determined by the deceleration of the penetrating member due to 
intrinsic frictional forces ofthe lancing device alone. 

36. The method of claim 29 wherein the magnitude ofthe known 
value of deceleration is determined empirically by observing the magnitude of 

20 deceleration ofthe penetrating member when the penetrating member is known to be 
making contact with the target tissue. 

37. A method of controlling penetrating member velocity, the method 

comprising: 

advancing the penetrating member to reach a first desired velocity; 
25 providing a controller for applying braking force; 

4 applying variable amounts of braking force and driving force to follow a 
predicted velocity profile. 

38. A method of forming an Linear Variable Differential Transformer 

comprising: 
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providing a bobbin with a physical wall for separating coils ofone 
secondary coil from coils of another secondary coil; 

wn^gwoundinasubstantiallynniforn^gn:^ 
from the bobbin. 

39. ^-ethodofclaimSSwhereintheprocessorusesalookuptable 
to linearize the output. v 

40. The method ofclaim 38 wherein coils ofaprhnary coil are 
10 separated from coils of another primary coil by said wall. 



is 



15 



41. The method of claim 38 wherein the output from the bobbin i 
nonhnear and uses a processor to take the output and linearize it. 

42, Adeviceforbodyflmdsamplmg.ftedevicecomprising: 
a penetrating member driver; 

an LVDT coupled to said driver, wherein said LVDT generates a 
LVDT used to monitor the position of a penetrating member coupled to the driver. 

43. Amethodofcontrollingpenetratingmembervelocity.themethod 

comprising: 

advancing the penetrating member to reach a first desired velocity; 
providing a processor coupled to an LVDT, processor linearizing me 
nonhnear output of the LVDT; 

applying variable amounts of braking force based on a desired velocity 
provide to brmg the penetrating member to a stop at a desired depth based on position 
& feed back from the LVDT. 



20 
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